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ABSTRACT 
 
 The thermoelectric properties of Mg2SnxSi1-x solid solution with varying phase 
structure were investigated. Through the modeling of lattice thermal conductivity poor 
degree of mixing between Sn and Si with segregated phases as much as 60 % of the 
entire volume was deduced for the samples prepared by non-fully optimized solid state 
reaction. As per the proposed direction from the modeling, samples with better phase 
homogeneity were pursued. With the aid of successful sample preparation by high 
energy ball milling for heavily doped Mg2Sn and Mg2Si whose carrier concentrations are 
over 1020 cm-3 systematic studies with Sn:Si ratios from 3:7 to 7:3 were conducted for 
exploring the thermodynamic evolution of the constituent phases by various duration of 
annealing from 0 to 50 hours. Although the phase segregation into Sn-rich and Si-rich 
phases was observed after longer annealing, the lattice thermal conductivity was 
maintained as low as that of the idealized solid solution structure. Lastly the existence of 
the convergence between two valleys in conduction band at the certain Sn:Si ratio (~7:3) 
was demonstrated by controlling the degree of mixing. The maximum power factor was 
enhanced from 3.4 mW/m-K2 to 4.3 mW/m-K2 as the degree of mixing was improved. It 
was also found that the valley convergence accompanies the effective mass broadening 
so as to offset the improvement in power factor due to doubled number of valleys. The 
simulated effective mass enhancement by two-parabolic valley model demonstrated the 
strictly narrow range for Sn:Si ratio to obtain the effective convergence, suggesting the 
importance of best degree of mixing and phase homogeneity. 
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CHAPTER I 
 INTRODUCTION* 
 
1.1 Current status of thermoelectric conversion 
 Thermoelectric (TE) effect, which produces voltage from the temperature 
difference of a material, is one of the promising research fields in view of the growing 
necessity in environment-friendly sustainable energy.1-5 Due to the promise of 
thermoelectric conversion, there are several companies around the world that 
manufacture TE modules of various sizes. For example a commercial TE device,6 of 
which size is about 1 cm2, produces about 5 mV when it is attached to human’s arm, 
harvesting body heat as shown in Figure 1a. Alternative arrangement of n-type and p-
type semiconductors connected in series electrically and in parallel thermally is the main 
component of typical TE devices, of which schematic is Figure 1b.5 
a b
 
Figure 1. (a) Demonstration of voltage generation from body (arm) heat using 
thermoelectric device, (b) schematic of thermoelectric device. (reprinted from [5]) 
 
                                                 
*Part of this chapter is reprinted with permission from G. J. Snyder and E. S. Toberer, 
Complex thermoelectric materials, Nature Materials, 7, 105-114, Copyright 2008 by 
Nature Publishing Group. 
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As shown in Figure 2, thermoelectric effect constitutes a consequence of average 
energy difference in free electrons at hot side and cold side of a material. Due to Fermi-
Dirac distribution that rules the energy distribution of Fermions such as electrons, free 
electrons at hot side have higher energies in average so that voltage, which is the 
potential energy difference of electron, is generated at two ends. There are various 
applications which utilize thermoelectric effect such as thermoelectric power generation 
(space mission, automobile, etc.), Peltier cooling (small scale refrigerator in cars), and 
sensing purposes (thermocouple). Moreover due to the recent advances in portable 
electronics with less energy consumption, self-powering of those electronics can be 
foreseen.  
HOT    COLD
Average energy ~ 0.1 eV Average energy ~ 0.07 eV
ΔE ~ 0.03 eV
→ 0.03 V
 
Figure 2. Principle of thermoelectric effect with the exemplary numbers of 800 K at hot 
side, 300 K at cold side. 
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Figure 3a demonstrates the amplified voltage of about 45 mV from body heat 
with sufficiently large copper heat sink to maximize the temperature difference across 
TE module. Considering the module’s resistance, 1.54 Ω,6 330 μW per TE device can be 
obtained with matched load resistance. This corresponds to the generation of 200 mW,7 
which can operate smart phones, with 606 cm2 in body area schematically represented in 
Figure 3b. Other personal electronics such as smart watch,8 and sports band consume 
less energy,8 making the thermoelectric energy harvesting from body heat very 
promising. The advance of thermoelectric conversion efficiency can potentially reduce 
the required body area to harvest enough thermoelectric energy so that thermoelectric 
conversion becomes the necessary ingredient for portable electronic devices in the near 
future. 
 
Figure 3. (a) Maximized voltage generation (45 mV) using copper heat sink, (b) 
required body area through body heat thermoelectric harvesting to operate smart watch, 
smart phone, and sports band. 
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1.2 Overview of thermoelectric research 
 Table 1 shows the hierarchy of thermoelectric research that spans from 
engineering to scientific aspects with mathematical expressions. The thermoelectric 
power generation efficiency is a function of ZT, thermoelectric figure of merit, and 
becomes Carnot efficiency as ZT goes to infinity obeying the laws of thermodynamics. 
Material’s ZT depends on thermopower (voltage per temperature difference of two 
sides), electrical conductivity, thermal conductivity, and absolute temperature. Most 
effort was put in improving ZT in the field of thermoelectrics in the recent 20 years as 
nano-technology emerges. Although Dresselhaus predicted the improvement in 
thermopower when the material undergoes the quantum confinement effect9 theoretically 
in 1993, the concept is yet to be experimentally realized. Rather the most achievement 
has come from the reduction in thermal conductivity mainly due to nanostructures’ 
phonon scattering mechanism. This is related to the scattering rates by boundaries in 
nanostructure (τboundary-1)10-14 and nanoparticles (τNP-1)15, 16 rather than material’s intrinsic 
heat capacity or sound velocity in Eq (1.4). 
 
 
 
 
 
 5 
 
 
 
Table 1. Hierarchy of thermoelectric research with mathematical expressions. Where TC, 
TH, S, σ, T, kel, kbi, C, and v are absolute temperature of cold side, absolute temperature 
of hot side, thermopower (Seebeck coefficient), electrical conductivity, average absolute 
temperature, electronic thermal conductivity, bipolar thermal conductivity, heat capacity, 
and sound velocity, respectively. 
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CHAPTER II 
LITERATURE REVIEW* 
 
2.1 Thermal conductivity reduction 
 Phonon dispersion contains necessary information for material’s lattice thermal 
conductivity such as heat capacity, sound velocity, and anharmonicity, which dominates 
                                                 
*Part of this chapter is reprinted with permission from (a) S.-I. Yi and C. Yu, Modeling 
of thermoelectric properties of SiGe alloy nanowires and estimation of the best design 
parameters for high figure-of-merits, Journal of Applied Physics, 117, 035105, 
Copyright 2015 by AIP Publishing LLC.; (b) A. S. Tazebay, S.-I. Yi, J. K. Lee, H. Kim, 
J.-H. Bahk, S. L. Kim, S.-D. Park, H. S. Lee, A. Shakouri, and C. Yu, Thermal Transport 
Driven by Extraneous Nanoparticles and Phase Segregation in Nanostructured 
Mg2(Si,Sn) and Estimation of Optimum Thermoelectric Performance, ACS Applied 
Materials & Interfaces, 8, 7003-7012, Copyright 2016 by American Chemical Society.; 
(c) H. Wang, J.-H. Hsu, S.-I. Yi, S. L. Kim, K. Choi, and C. Yu, Thermally driven large 
N-type voltage responses from hybrids of carbon nanotubes and poly(3,4-
ethylenedioxythiophene) with Tetrakis(dimentylamino)ethylene, Advanced Materials, 27, 
6855-6861, Copyright 2015 by John Wiley and Sons.; (d) H. Wang, S.-I. Yi, and C. Yu, 
Engineering electrical transport at the interface of conjugated carbon structures to 
improve thermoelectric properties of their composites, Polymer, 97, 487-495, Copyright 
2016 by Elsevier.; (e) Y. Pei, X. Shi, A. Lalonde, H. Wang, L. Chen, and G. J. Snyder, 
Convergence of electronic bands for high performance bulk thermoelectrics, Nature, 473, 
66-69, Copyright 2011 by Nature Publishing Group.; (f) Y. Tang, Z. M. Gibbs, L. A. 
Agapito, G. Li, H.-S. Kim, and M. B. Nardelli, Convergence of multi-valley bands as the 
electronic origin of high thermoelectric performance in CoSb3 skutterudites, Nature 
Materials, 14, 1223–1228, Copyright 2015 by Nature Publishing Group.; (g) L.-D. Zhao, 
G. Tan, S. Hao, J. He, Y. Pei, H. Chi, H. Wang, S. Gong, H. Xu, V. P. Dravid, C. Uher, 
G. J. Snyder, C. Wolverton, M. G. Kanatzidis, Ultrahigh power factor and thermoelectric 
performance in hole-doped single-crystal SnSe, Science, 351, 141-144, Copyright 2016 
by The American Association for the Advancement of Science.; (h) Y. Pei, A. D. 
Lalonde, H. Wang, and G. J. Snyder, Low effective mass leading to high thermoelectric 
performance, Energy & Environmental Science, 5, 7963-7969, Copyright 2012 by Royal 
Society of Chemistry.; (i) Q. Zhang, L. Cheng, W. Liu, Y. Zheng, X. Su, H. Chi, H. Liu, 
Y. Yan, X. Tang, and C. Uher, Low effective mass and carrier concentration 
optimization for high performance p-type Mg2(1-x)Li2xSi0.3Sn0.7 solid solutions, Physical 
Chemistry Chemical Physics, 16, 23576-23583, Copyright 2014 by Royal Society of 
Chemistry. 
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intrinsic Umklapp scattering. The eigenvalues of dynamical matrix (e.g., 3-dimensional 
2-basis atom system) as shown in Eq. (2.6) at each wave vector constitute the 
frequencies of the phonon modes, constructing the entire phonon dispersion by 
discretely mapping the frequency and wave vector in Brillouin zone. Figure 4a shows 
the phonon dispersion of silicon assuming that only the first neighbor atoms can affect 
the interatomic potential. The average phonon group velocity in (100) can be calculated 
from the phonon dispersion as 7800 m/s, which is within 10 % in error compared to 
typically used values in Boltzmann transport equations (BTE).12 Figure 4b shows the 
dependence of phonon dispersion on atom’s mass and force constant. The mass and 
force constant were changed in dynamical matrix calculation by a factor of 2 to describe 
lighter atom, heavier atom, stronger bonding, and weaker bonding. It can be seen that the 
frequency, hence the phonon group velocity, is proportional to (K/m)1/2, where K and m 
are force constant and atomic mass. This is the main reason that heavy atoms such as 
tellurium, lead, and bismuth, of which atomic numbers are 52, 82, and 83, respectively, 
are main constituent for low sound velocity materials. Also heavy atoms typically have 
longer bond length so that the number of atoms per volume tends to be small, resulting 
in low heat capacity as well. Due to this intrinsic characteristics of heavy atom materials 
Bi2Te3 or PbTe have been of the main interest in the field of thermoelectrics and 
progress to further decrease the thermal conductivity by phonon scattering from extrinsic 
source has been made by researchers.11,15 
 8 
 
 




















zzzyzxzzzyzx
yzyyyxyzyyyx
xzxyxxxzxyxx
zzzyzxzzzyzx
yzyyyxyzyyyx
xzxyxxxzxyxx
DDDDDD
DDDDDD
DDDDDD
DDDDDD
DDDDDD
DDDDDD
,22,22,22,21,21,21
,22,22,22,21,21,21
,22,22,22,21,21,21
,21,21,21,11,11,11
,21,21,21,11,11,11
,21,21,21,11,11,11
 where 
ji
c
cki
cijkl
klij
mm
eK
D
 




,                 (2.6) 
 
Figure 4. (a) Calculated phonon dispersion of silicon, (b) change in phonon dispersion 
with artificially changed atomic mass (m) or bonding strength (K). 
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2.1.1 Theoretical work 
2.1.1.1 Boltzmann transport equation for lattice thermal conductivity 
 To model the experimentally observed thermal conductivities of various 
materials in our group lattice thermal conductivity was calculated using Boltzmann 
transport equation. As shown in Eq. (2.7) the lattice thermal conductivity is the 
integration of differential lattice thermal conductivity from 0 to ωC in phonon frequency. 
Phonon energy, phonon density of states, temperature derivative of Bose-Einstein 
distribution, sound velocity, and scattering relaxation time, denoted as ħω, D(ω), dfBE/dT, 
v, and τph(ω), respectively in Eq. (2.8) are the building units of differential lattice thermal 
conductivity. Eq. (2.9) can be obtained after changing the variable from ω, to reduced 
energy x. In my calculations Eq. (2.10), Callaway model,16,17 was used instead, which 
contains a corrective additional term, I2
2/ I3. 

D
dkk dph

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0
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2.1.1.2 Thermal conductivity modeling in polycrystalline bulk Mg2Si0.4Sn0.6 pellets
18 
 In our group Mg2Si0.4Sn0.6 solid solution thermoelectric material was synthesized 
and thermoelectric properties as a function of temperature were measured. Figure 5a 
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shows the thermal conductivity with different amount of TiO2 nanoparticles which 
introduce additional scattering events to lower the lattice thermal conductivity. The 
thermal conductivity of the sample with 5% TiO2 nanoparticle showed about 20% 
reduction in thermal conductivity mainly from the lattice portion. In my BTE model the 
thermal conductivity of various samples were successfully fitted with equivalent 
scattering relaxation time by Matthiessen’s rule, as shown in Eq. (2.11), and introducing 
the scattering relaxation time τNP, which is a function of nanoparticles’ concentration as 
denoted in Eq. (2.12). 
  111111   NPboundaryelectronalloyUmklappph                           (2.11) 
where τUmklapp, τalloy, τelectron, τboundary, and τNP denote scattering relaxation time of 
Umklapp process, randomly located alloy, free electron, grain boundary, and 
nanoparticles, respectively. 
46
444 322



NPNP
NP
NP
DvN
vD 
                                              (2.12) 
where ω, DNP, and NNP represent phonon frequency, average diameter of nanoparticles, 
and concentration of nanoparticles, respectively. 
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Figure 5. Experimentally measured (symbols) and calculated (lines) thermal 
conductivities of (a) polycrystalline bulk Mg2Si0.4Sn0.6,
18 and (b) Si1-xGex nanowire.
12,19 
(reprinted from [12] and [18]) 
 
2.1.1.3 Thermal conductivity modeling in Si1-xGex alloy nanowires
12 
 Si1-xGex nanowires, which showed significant reduction in thermal conductivity, 
were also investigated for thermoelectric applications in our group. Figure 5b shows the 
lattice thermal conductivity of nanowires compared to that of SiGe bulk samples. 
Si0.73Ge0.27 nanowire with the smallest diameter (26 nm) showed the lowest thermal 
conductivity, 5 times lower than that of bulk sample. In this calculation Eq. (2.13) was 
used to describe the phonon scattering at nanowire boundaries. 
                             











1
1
v
d
boundary                                                     (2.13) 
where d is the diameter of nanowire and α is specularity parameter, respectively. 
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2.1.2. Experimental work 
 The characterization of material’s thermoelectric properties is not trivial 
procedure, especially for thermal conductivity because of heat radiation inevitable 
during the measurement. These days, for this reason, laser flash methods are frequently 
employed rather than the conventional method, which is vulnerable to errors due to 
radiation. Nevertheless various nano-materials, which are of interest due to additional 
scattering or carrier confinement effect, such as polymer thin film or nanowires still have 
difficulties to be characterized due to their small sizes. Following is the thermal 
conductivity measurement technique using microdevice, which had been used for 
measuring thermal conductivity of aforementioned Si1-xGex nanowires,
19 and 
thermoelectric polymer thin films.20,21 Figure 6a shows the schematic of thermal 
conductivity measurement apparatus using microdevice. A sample is to be placed such 
that it bridges two suspended silicon nitrate membranes, on which serpentine platinum 
patterns are deposited. The platinum pattern plays a role of Joule heater to produce a 
heat flow through the sample as well as a role of thermometer utilizing linearly 
increasing resistivity of platinum as temperature increases. Through the obtained 
temperature gradient and flowing heat the thermal conductance, hence the thermal 
conductivity can be calculated. Figure 6b demonstrates the measured thermal 
conductivity of our thermoelectric composite thin film, which consists of Poly-
ethylenedioxythiophene (PEDOT) and carbon nanotube (CNT). Although 10% of CNT 
was added it was found that the thermal conductivity was negligibly affected so that it 
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remains below 0.7 W/m-K resulting in anomalously high ZT about 0.5, the best value for 
the organic thermoelectric material ever reported. 
a b
 
Figure 6. (a) Schematic of thermal conductivity measurement of nano-materials using 
microdevice, (b) measured thermal conductivity of PEDOT-CNT composite.20 (reprinted 
from [20]) 
 
2.2 Electrical property improvement 
 As described so far most effort in improving ZT has been made through thermal 
conductivity reduction. However as lattice thermal conductivity converges to amorphous 
limit like most polymers, it is necessary to enhance electrical properties as well 
especially for organic thermoelectric materials, which already have low thermal 
conductivity. In this sense it is important to understand the charge transport mechanism 
first, through the modeling of electrical properties using BTE analogous to lattice 
thermal conductivity modeling as shown in Eq. (2.14), (2.15), and (2.16). 
 
 dEEd )(                                                            (2.14) 
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where e, D(E), df/dE, v(E), τ(E), and μ are electron charge, electron density of states, 
energy derivative of Fermi-Dirac distribution, free electron’s velocity, electron scattering 
relaxation time, and chemical potential, respectively.12,18,22  
 
 
a b c
 
Figure 7. (a) Experimentally measured (symbols) and calculated (lines) (a) electrical 
conductivities, (b) thermopower, and (c) thermoelectric figure of merit of polycrystalline 
bulk Mg2Si0.4Sn0.6 pellets.
18 (reprinted from [18]) 
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Figure 8. (a) Experimentally measured (symbols) and calculated (lines) (a) electrical 
conductivities, (b) thermopower, and (c) thermoelectric figure of merit of Si1-xGex 
nanowires.12 (reprinted from [12]) 
 
The experimentally measured electrical conductivity and thermopower of Mg2Si0.4Sn0.6 
were successfully fitted using the model as shown in Figure 7a and 7b. Also ZT was 
fitted in good agreement with experimental data (Figure 7c). Using the model even 
higher ZT was proposed when phase segregation is reduced. Figure 8a and 8b also show 
the calculation results of electrical conductivity, thermopower, and ZT (Figure 8c) of  
Si1-xGex nanowire in good agreement with experimental measurement. 
In recent several years researchers started focusing on electrical properties 
mainly in two ways: i) increase thermopower through high valley degeneracy, and ii) 
increase the mobility of carriers by reducing the effective mass. With the assumption of 
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acoustic phonon dominated scattering the thermoelectric power factor S2σ can be 
simplified to Eq. (2.17). 
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where Cl, kB, Da, NV, and m
*
 are elastic constant, Boltzmann constant, deformation 
potential, valley degeneracy, and effective mass of carrier, respectively. The term in 
bracket is constant as long as the chemical potential is kept constant. Therefore 
thermoelectric power factor is concluded to be proportional to NV and inversely 
proportional to m*. 
 
2.2.1 Valley degeneracy 
 Three figures in the bottom of Figure 9 show the nature of multiple valleys in 
good thermoelectric materials such as lead telluride, skutterudite, and tin selenide. Due 
to the multiple valleys (large NV), the thermopower can be elevated with fixed carrier 
concentration while preserving the carrier mobility as long as intervalley scattering is 
negligible.23 As a result power factor proportionally increases with NV, consistent to 
mathematical derivation in Eq. (2.17). 
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a b c
 
Figure 9. Crystal structure (top) and Brillouin zone (bottom) together with the 
representation of multiply valleys of (a) lead telluride (PbTe),23 (b) skutterudie 
(CoSb3),
24 and (c) tin selenide (SnSe).25 (reprinted from [23], [24], and [25]) 
 
2.2.2 Mobility by lower effective mass 
 Figure 10a shows the examples of improved mobility by reducing carrier’s 
effective mass through different dopants. In n-type PbTe, iodine doped samples resulted 
in higher mobility than that of lanthanum doped samples.26 The analogous demonstration 
in p-type material was recently made in lithium doped Mg2Si0.3Sn0.7 solid solution 
samples.27 (Figure 10b) As a result power factor proportionally increased with 1/m*, 
consistent to mathematical derivation in Eq. (2.17). 
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Figure 10. Improved carrier mobility with different dopants in (a) n-type PbTe,26 and (b) 
p-type Mg2Si0.3Sn0.7.
27 (reprinted from [26] and [27]) 
 
2.2.3 Energy filtering 
 In our group the main focus to improve the electrical properties has been 
implemented through junctions among different materials in heterogeneous composites, 
mainly conducting polymer and CNT.22 Figure 11a shows the experimental results in our 
composite sample composed of polyanline (PANI) and CNT. It should be noted that the 
electrical conductivity enhancement is tremendous (700%) with the cost of 10% sacrifice 
in thermopower. As a result the enhancement power factor turned out to be 600%. 
Through the implementation of energy barrier between PANI and CNT combined with 
BTE model, the enhancement in thermopower with marginal sacrifice in electrical 
conductivity was simulated. The average energy of free carrier in PANIeb became 28.3 
meV higher than that of pure CNT film, noted as “No barrier” in the Figure 11b. As a 
result thermopower increased to 124 μV/K from 30 μV/K (Figure 11c) of pure CNT film 
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since thermopower is defined as carriers’ average energy divided by electron charge and 
temperature, described in Eq. (2.15). 
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Figure 11. (a) Electrical conductivity, thermopower, and power factor of PANIeb/CNT 
composite before (hollow symbols) and after (filled symbols) HCl doping, (b) calculated 
differential conductivity as a function of carrier energy for CNT networks with no 
barrier, PANI-CSA, and PANIeb at junctions, (c) calculated thermopower enhancement 
as a function of barrier height (Eb).
22 (reprinted from [22]) 
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2.2.4 Charge carrier conduit 
 Another methodology employed in our group is utilizing CNT as high mobility 
conduit so that mobility of sample can be significantly increased. The schematic of our 
polymer (PEDOT) + CNT composite film and the carrier injection from PEDOT to CNT 
due to band edge difference is shown in Figure 12a.21 As a result a huge power factor, 
~1000 μWm-1K-2 (Figure 12b) which never has been achieved in polymer thermoelectric 
material was measured.20 
 
 
ba
 
Figure 12. (a) Schematic of PEDOT-CNT composite thin film and carrier injection from 
PEDOT to CNT,21 (b) power factor in PEDOT-CNT composite with different post 
treatment conditions.20 (reprinted from [20]) 
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CHAPTER III 
 THERMAL TRANSPORT DRIVEN BY PHASE SEGREGATION IN 
NANOSTRUCTURED Mg2(Si,Sn) AND ESTIMATION OF OPTIMUM 
THERMOELECTRIC PERFORMANCE* 
 
3.1 Introduction 
 Recent intense demand for sustainable and environmentally-friendly energy 
usage has driven significant efforts to develop new techniques for improving energy 
utilization. A substantial amount of energy extracted from energy sources is rejected 
from energy-consuming systems to the environment due to the inefficiency of the 
systems.28 Considering popular energy-consuming systems have been optimized over 
many years, the recovery of wasted energy could be a viable option to improve their 
overall performance. Over the last decade, thermoelectric energy conversion has 
attracted considerable interest due to the significant performance enhancement of 
thermoelectric materials.29  
 In particular, thermoelectric materials whose optimum operating temperatures are 
300~500 °C have many application areas such as exhaust manifolds of automobiles29 
since this grade of energy, despite relatively large exergy, is not readily usable in many 
conventional systems such as turbines. For the intermediate temperatures, Mg2(Si,Sn) 
                                                 
* Reprinted with permission from A. S. Tazebay, S.-I. Yi, J. K. Lee, H. Kim, J.-H. Bahk, 
S. L. Kim, S.-D. Park, H. S. Lee, A. Shakouri, and C. Yu, Thermal Transport Driven by 
Extraneous Nanoparticles and Phase Segregation in Nanostructured Mg2(Si,Sn) and 
Estimation of Optimum Thermoelectric Performance, ACS Applied Materials & 
Interfaces, 8, 7003-7012, Copyright 2016 by American Chemical Society. 
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solid solutions are one of the best candidates owing to non-toxic inexpensive low-
density  raw materials with relatively high performance.30-42  
Thermoelectric performance is often indicated by the thermoelectric figure-of-
merit (ZT): 
         
2
e l bi
S
ZT T
k k k


 
                                                      (3.1)                                      
where S, σ, ke, kl and, kl are thermopower (or the Seebeck coefficient), electrical 
conductivity, electronic thermal conductivity, lattice thermal conductivity, and bipolar 
thermal conductivity respectively. It has been proven that suppression of lattice thermal 
conductivity is very effective in increasing ZT.19,32,33,39,42-44 It has been found that the 
thermal conductivity values of Mg2(Si,Sn) reported so far are still higher than those of 
other state-of-the-art thermoelectric materials, which may leave room for further 
improvement by suppressing thermal conductivity. Therefore the most promising near-
term strategy would be to identify how to effectively reduce thermal conductivity of 
Mg2(Si,Sn). In literature, both the temperature-dependent behavior of thermal 
conductivity and the lowest thermal conductivity values reported are quite spread, but ZT 
values much higher than 1 were found unanimously from the papers reporting low 
thermal conductivity. 
However, it is still unclear why the thermal conductivity of the high ZT samples 
is so low although the material is composed of relatively light elements. There have been 
quite a few papers33,36,38,45 reporting segregated Mg2Si and Mg2Sn phases, and some of 
them33,36,38 “conjectured” phase segregation caused the low lattice thermal conductivity 
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as a result of additional phonon scattering. Although the extent of miscibility gap is 
different depending on literature,46,47 phase segregation for Mg2SixSn1-x is inevitable in 
the range of 0.4<x<0.6, and the segregation may significantly vary depending on 
synthesis conditions such as sintering temperature and time.46 Phase segregation may 
also come from incomplete diffusion of raw materials considering the short reaction time 
of typical current-assisted sintering and spark plasma sintering methods. There is 
consensus that the phase segregation affects lattice thermal conductivity, but it has never 
been well studied if it has positive or negative influence on thermoelectric performance 
and the correlation of thermoelectric properties and the amount of segregated phases.  
 Here we found that the phase segregation “increased” lattice thermal 
conductivity, in opposition to the previous speculation, as a result of weaker phonon 
alloy scattering. We incorporated extraneous materials (TiO2 nanoparticles were chosen 
due to availability and inertness) into the host Mg2(Si,Sn) material as a means of further 
reducing the lattice thermal conductivity. According to our experimental results, addition 
of 1, 2, and 5 vol% TiO2 nanoparticles noticeably reduced both lattice and bipolar 
thermal conductivity values. We also fitted our experimental results to obtain necessary 
parameters to predict the upper bound of ZT and the optimum conditions. 
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3.2 Experimental 
3.2.1 Material synthesis  
   We prepared 12 different kinds of solid solutions of magnesium silicide and 
magnesium stannide with arsenic and antimony dopants and TiO2 nanoparticles. Table 4 
lists atomic ratios of the elements as well as vol% of TiO2 nanoparticles in the solid 
solutions. We added 10% excess magnesium to compensate magnesium loss during solid 
state reactions.48 An arsenic-doped silicon wafer was used to avoid an additional step to 
dope silicon. Antimony, which dopes tin more than silicon at our reaction temperatures, 
was also used to further control the doping level. The expected composition is Mg2(Si0.4-
xSn0.6)1-yAsxSby with x=0.008. We started with antimony doping level (y) of 0.015 with 
eight different TiO2 nanoparticle concentrations (0, 0.1, 0.2, 0.5, 1, 2, 5, and 10 vol%). 
Then, to increase thermopower, we reduced Sb doping to 0.0075 along with the high 
four concentrations of TiO2 nanoparticles (0, 1, 2, and 5 vol%) since the low 
concentrations of nanoparticles had negligible influence on thermoelectric properties.  
 Our samples were synthesized by using a two-step solid state reaction process 
followed by current-assisted sintering and then a densification process. Magnesium 
(99.0%, Alfa aesar), arsenic-doped silicon (resistivity < 0.003 ohm-cm, University 
wafers), tin (99.9%, Alfa aesar), antimony (99.0%, Strem chemicals) with atomic ratios 
listed in Table S1 were mixed in a planetary ball miller (75-mL container with 3~4 g of 
raw materials, 15 stainless steel balls whose diameter is 6 mm, ~30 rpm for 24 h. The 
mixed powder was transferred to a graphite container that was encapsulated by a sealed 
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stainless steel container. The above processes were carried out in a glove box (O2 < 0.1 
ppm and H2O < 0.1 ppm) to prevent oxidation of the raw powder. 
           The first solid state reaction was performed by increasing temperature of the 
container to 550 °C with a ramping rate of ~6 °C/min and maintaining the temperature 
for 16 h, and then naturally cooling it down to room temperature. The cooling rate was 
as high as 10 °C/min at temperatures above 200 °C, and decreased to 1°C/min or lower 
below 200 °C. The resultant product was ground by using an agate mortar and pestle, 
and then the powder was cold-pressed at 400 MPa (Carver laboratory press) into a 0.5-
inch diameter disk. The second solid state reaction was carried out with the disk sample 
in a sealed graphite-lined container at 700 °C for 4 h with 8 °C/min ramping.   
 The disk sample was again ground with the mortar and pestle in the glove box. 
The powder (3~4 g) was further pulverized for homogenization and wide size 
distributions with 3 stainless steel balls (0.25-inch diameter) in a high energy ball miller 
(inner diameter and length of the cylindrical container are 1.5 inch and 3 inch, 
respectively) at 1200 rpm for 30 min. The powder was mixed with TiO2 nanoparticles 
(anatase, 5 nm in nominal diameter, Alfa Aesar, see Table 2 for vol%) by the mortar and 
pestle, and then the mixture was loaded into a graphite die (0.5-inch inner diameter and 
1.5-inch outer diameter). Finally the sample was sintered by passing current (maximum 
900~1100 A) for 5 min to reach a maximum temperature of ~650 °C (3~4 min out of 
total 5 min) at 70 MPa, and then an additional densification process at 700 °C for 2 h 
with a slow temperature ramping (2 h) was carried out in a sealed graphite-lined 
container. Samples had 95% of the theoretical density or higher. 
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Table 2. Parameters used for the calculations. Ionized impurity concentration (NII), non-
ionized impurity concentration (NNI), electron deformation potential (Da), hole 
deformation potential (Dah), ratio of segregated volume to total volume (f, 0~1), 
specularity parameter () corresponding to the boundary scattering, and a multiplication 
factor () in bipolar thermal conductivity to account for additional scattering of the 
minority carriers (holes). Majority carrier (electron) concentrations by Hall 
measurements were also listed next to the theoretically obtained NII for easy comparison. 
(reprinted from [18]) 
 
 
3.2.2 Thermoelectric property characterization  
The thermal diffusivity of the disk samples (typically 0.5 inch in diameter and 
0.75~1.1 mm in thickness) was measured by using a flash apparatus (Flashline3000, TA 
Instrument) at 27~550 C. We repeated the experiments for some of the samples, but 
noticeable hysteresis was not identified (less than ~4% differences), indicating negligible 
densification or material losses during the temperature cycle. Thermal conductivity (k) 
was calculated from the formula, k = c, where c, , and  are specific heat, mass 
density, and thermal diffusivity, respectively. Temperature-dependent specific heat data 
was obtained from Liu et al.,33 and the density was obtained by measuring volume and 
Sample 
# 
TiO2 
(vol%) 
NII 
(1020 cm-3) 
Hall carrier 
concentratio
n (1020 cm-3) 
NNI 
(1018 cm-
3) 
Da 
(eV) 
Dah 
(eV) 
f α β 
1 0 1.8 1.62 1.0  
 
7 
 
 
1 
 
 
0.6 
0.65 1 
2 1 1.5 1.67 0.5 0.60 0.8 
3 2 1.4 1.51 0.8 0.55 0.6 
4 5 1.3 1.40 0.7 0.50 0.5 
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mass. The disk sample was cut into a rectangular shape (typically 5 mm  12 mm) by 
using a diamond saw for electrical property measurements. Electrical conductivity and 
thermopower were measured by using a custom-built setup from room temperature to 
550 C. Electrical resistance was sought from the slope of a four-probe linear current-
voltage sweeping data (~20 data points between 0.1 A and 0.1 A), and electrical 
conductivity was obtained by multiplying geometrical factors. Thermopower was 
obtained by taking the slope from the linear relationship of temperature and voltage 
differences between hot and cold ends.49 Voltage data was taken at temperature 
differences ranging from 1 to 10 C. The majority carrier concentration and Hall 
mobility data were determined at room temperature under 1-T magnetic field with a van 
der Pauw sample geometry (typically 8 mm  8 mm). 
 
3.3 Modeling using Boltzmann transport equation 
3.3.1 Electrical conductivity and thermopower calculation 
Electron (or majority) carrier concentration (Ne) and hole (or minority) carrier 
concentration (Nh) can be calculated with the Fermi levels as input parameters:  
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Here we considered two X-valleys in the conduction band (labeled as X1 and X3) and 
two -valleys in the valence band (labeled as HH, and LH), as shown in Figure 13.50 
Each integral was calculated with respect to the band edge of each valley (i.e., E = 0 at 
the band edge). For convenience, we used the band edge of X3 valley as a reference, the 
four valleys can be expressed with the Fermi level (EF) as:   
FXF EE 3,                                                            (3.4) 
01, EEE FXF                                                         (3.5) 
 , ,F HH F LH G FE E E E                                                  (3.6) 
where E0 is the energy offset (EEdge,X1  EEdge,X3) and EG is the band gap as shown in 
Figure 13.  
 
EG
E0
X1X3
HHLH
 
Figure 13. Multi valley schematic of Mg2Si0.4Sn0.6. (reprinted from [18]) 
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Table 3. Detailed parameters used for calculation.50,51 The atomic concentration of Sn is y. 
(reprinted from [18]) 
Parameters Values 
m*X3 (m0) 0.38 
m*X1 (m0) 0.49+2.0×10-4×T 
m*HH (m0) 1.5 
m*LH (m0) 1.0 
EG (eV) (0.78-4.0×10-4×T )×(1- y) + (0.38-2.8×10-4×T )× y 
E0 (eV) (0.4)×(1- y) + (-0.165)× y 
ε0 (F/m) (20×(1- y) + 23.75× y)×8.85×10-12 
ε∞ (F/m) (13.3×(1- y) + 17× y)×8.85×10-12 
ħω0 (meV) 40×(1- y)+28.8× y 
ρNP (g/cm3) 3.78 
d (nm) 11 
ρM (g/cm3) 1.88×(1- y)+3.59× y 
De (eV) 7 
Dh (eV) 1 
Cl (N/m2) (4.15×(1- y)+3.22× y)×1010 
ωC,L (THz) 52.3×(1- y)+ 22.4× y 
ωC,T (THz) 29.7×(1- y)+ 13.9× y 
vL (m/s) 7700×(1- y)+ 4900× y 
vT (m/s) 4900×(1- y)+ 3000× y 
γ 2.5×(1- y)+ 1.7× y 
α for TiO2 0%, 1%, 2%, 5% Respectively 0.65, 0.60, 0.55, 0.50 
β for TiO2 0%, 1%, 2%, 5% Respectively 1, 0.8, 0.6, 0.5 
NV,X3, NV,X1 3 
NV,HH, NV,LH 1 
 
 With the effective mass (m*) in Table 3, Ne and Nh were found, and then ionized 
impurity concentration (NII) was calculated by: 
II e hN N N                                                             (3.7) 
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Thermopower (S) can be calculated with electrical conductivity () by: 
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where q, T, E, m*, NV are electron charge, absolute temperature, carrier energy with 
respect to band edge, carrier effective mass, and valley degeneracy, respectively. The 
index j indicates valley (X1, X3, HH, and LH). The subscripts AC, POP, II, and NI in 
scattering relaxation time represent acoustic phonon, ionized impurity, polar optical 
phonon, non-ionized impurity, respectively. The material parameters employed are 
summarized in Table 3.  
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The mobility of electron (μe) and hole (μh) carriers can be obtained by:  
e
XX
e
qN
31 
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The mean free path of electronic carrier (lj) as a function of energy in valley j can 
be obtained by:  
j
j
j
m
E
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                                                       (3.19)  
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Figure 14. Calculated mean free path of electron carriers in X3 and X1 valley as a 
function of energy for no TiO2 nanoparticle sample at 800 K and 400 K using the 
velocity and relaxation time. (reprinted from [18]) 
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3.3.2 Thermal conductivity calculation 
Electronic thermal conductivity (ke) and bipolar thermal conductivity (kbi) can be 
calculated by: 
e j j
j
k L T                                                       (3.20) 
The Lorenz number is expressed as:  
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where  
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Lattice thermal conductivity was calculated by using a modified Callaway model 
that separately considered longitudinal and transverse modes of phonons. 
1
( 2 )
3
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24 3
2
12 3
3
1
2
iB
i i
i i
Ik T
k I
v I
  
   
  
                                            (3.26) 
The subscript i stands for either longitudinal mode (L) or transverse mode (T). 
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where x=ħω/(kBT) is the reduced energy of phonon and ϴi  is the Debye temperature.  
, , ,
1 1 1
p i pN i pR i  
                                                    (3.30) 
The relaxation time corresponding to the normal scattering is described as:12 
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where kB, γ, V, M, vL, vT, ħ and T are Boltzmann constant, Grüneisen parameter, average 
volume of an atom, average mass of an atom, longitudinal sound velocity, transverse 
sound velocity, reduced Planck constant, and absolute temperature, respectively. 
Umklapp scattering is expressed as: 
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where θi is the Debye temperature which is equal to ħωC/kB. The scattering due to 
random alloy between Si and Sn is  
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, (1 )Si Sn Si SnM y M yM                                                        (3.36) 
where y is the atomic ratio of Sn, which is 0.6 for Mg2Si0.4Sn0.6, and MSi,Sn is the average 
atomic mass of Si and Sn accordingly with the ratio y. 
Phonon scattering by electronic carriers was considered by using: 
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where De and ρ are electron deformation potential and density of Mg2Si0.4Sn0.6, 
respectively. We ignored phonon scattering due to holes (minority carriers) since its 
influence on the total relaxation time is very small.   
Phonon scattering by nanoparticles was considered by using: 
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where NNP is the concentration of nanoparticles and DNP is the diameter of nanoparticles 
with the assumption of a sphere shape. λ accounts for the density difference between the 
matrix material and TiO2 nanoparticles. λ approaches 1 when the density difference is 
infinity. NNP and DNP are related each other since the volume percent of TiO2 
nanoparticles is given.  
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where X is the volume percent of TiO2. NNP was found to be 1.51017, 3.11017, and 
2.81016 cm-3 respectively for samples with 1%, 2%, and 5% TiO2 nanoparticles.  
 
Figure 15. Undoped single crystalline Mg2Si and Mg2Sn data
52,53 was fitted to find the 
Grüneisen parameters (2.5 and 1.7) by considering normal scattering and Umklapp 
scattering. (reprinted from [18]) 
 
Phase segregation was calculated by using the area percentage of Mg2Sn (AMg2Sn) 
obtained from ImageJ software.54 The segregated Mg2Si (AMg2Si) phase was calculated by 
multiplying AMg2Sn and both atomic ratio (0.6:0.4 for Sn:Si) and areal ratio (square of 
lattice constant). 
2
2 2
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Mg Si
Mg Si Mg Sn
Mg Sn
a
A A
a
                                            (3.43) 
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where aMg2Si and aMg2Sn are lattice constants of Mg2Si and Mg2Sn, respectively. The total 
segregated portion was obtained by adding the two segregated areas.    
2 2Total Mg Si Mg Sn
A A A                                                 (3.44) 
It should be noted that the areal ratio for the two phases is the same as the volumetric 
ratio, assuming that the thickness is the same for both.  
The relaxation time of holes (minority carriers) was adjusted with a multiplying 
factor β, ranging from 0 to 1 in order to consider the reduction of bipolar thermal 
conductivity due to the minority carrier scattering by TiO2 nanoparticles. For the sample 
without TiO2 nanoparticles, β=1.   
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3.4 Results and discussion 
3.4.1 Structural characterization  
X-ray diffraction (XRD) patterns of Mg2Si (Figure 16a)
41,55 and Mg2Sn (Figure 
16b)41,48,55 (for comparison) were plotted together with those of Sample 1 (Mg2(Si0.4-
xSn0.6)1-yAsxSby (x=0.008 and y=0.075) without TiO2) prior to the current assisted 
sintering process (Figure 16c), TiO2 nanoparticles only (Figure 16d), Sample 3 (2 vol% 
TiO2; Figure 16e), and Sample 4 (5 vol% TiO2; Figure 16f). Major XRD peaks in Figure 
16c are located between those of Mg2Si and Mg2Sn such as (111) at 2 = 23.3 (middle 
point), (200) at 2 = 27.0, (220) at 2 = 38.5, (311) at 2 = 45.3, and (400) at 2 = 
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55.4. Negligible MgO impurity peak is located at 2 = 43.1, which is common in 
literature.33,36,48 Sample numbers and corresponding elemental concentrations are listed 
in Table 4.   
Table 4. Atomic ratios of raw elements and volume fractions of TiO2 nanoparticles in 12 
different kinds of solid solutions made of magnesium silicide and magnesium stannide. 
Note that 10% excessive magnesium was used to compensate loss during synthesis 
processes. (reprinted from [18]) 
Sample 
no. 
Volume 
fraction 
Atomic ratio 
TiO2 Sn Sb Si As Mg 
1 0% 
0.5925 0.0075 
0.392 0.008 2.2 
2 1% 
3 2% 
4 5% 
5 0% 
0.585 0.015 
6 0.1% 
7 0.2% 
8 0.5% 
9 1% 
10 2% 
11 5% 
12 10% 
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Figure 16. X-Ray powder diffraction spectra of Mg2Si (JCPDS#: 00-035-0773) (a), 
Mg2Sn (JCPDS#: 00-007-0274) (b), Sample 1 (no TiO2) prior to the current assisted 
sintering process (c), TiO2 nanoparticles (d), Sample 3 (2 vol% TiO2) (e), and Sample 4 
(5 vol% TiO2) (f). (reprinted from [18]) 
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A scanning electron microscope (SEM) image (Figure 17a) of Sample 1 shows 
two distinct bright and dark regions, which correspond to Mg2Si-rich and Mg2Sn-rich 
locations according to energy dispersive spectroscopy (EDS) results (Figure 18). Figure 
17b and c display transmission electron microscope (TEM) images of Sample 1, 
showing nanograins whose diagonal lengths are mainly in the range of 6~15 nm (from 
multiple TEM images: see Figure 19). The size distribution of the nanograins is shown 
in Figure 17d. The nanoscale grain boundaries were clearly observed, suggesting phonon 
scattering at the interface. A portion of Sample 3 (Figure 17e) along with EDS mapping 
results (Mg for Figure 17f, Si for Figure 17g, and Sn for Figure 17h) indicates that 
Mg2Si and Mg2Sn were segregated presumably due to the miscibility gap in the phase 
diagram of Mg2(Si,Sn) solid solution. The percentage of Mg2Sn-rich regions was 
estimated to be 60%12% from multiple SEM images (Figure 20). We also identified 
that TiO2 nanoparticles were homogeneously distributed from EDS results of Sample 3 
(Figure 21). 
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Figure 17. (a) SEM image of a fractured surface of Sample 1. The dark region indicated 
by ‘A’ is Sn rich and the brighter region indicated by ‘B’ is Si rich according to EDS 
results (see Figure 18). (b) TEM image showing nanograin features with different sizes. 
(c) TEM image showing crystalline nanograins.  (d) Size distribution of nanograins 
obtained from multiple TEM images (see Figure 19). (e) TEM image with EDS element 
mapping of Mg (f), Si (g), and Sn (h), respectively. (reprinted from [18]) 
 
  
 
Figure 18. Scanning electron microscope (SEM) image with energy dispersive 
spectroscopy (EDS) results on dark and grey regions. (reprinted from [18]) 
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Figure 19. High resolution transmission electron microscope (TEM) images used to 
determine distribution of nanograin sizes. The scale bar indicates 2 nm (continued to the 
next page). (reprinted from [18]) 
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Figure 19. (continued from the previous page) (reprinted from [18]) 
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Figure 20. SEM images (upper row) used to estimate the ratio of phase segregation 
percentage and binary masks (lower row) created from those figures in the first row by 
using ImageJ. (reprinted from [18]) 
 
 
 
100 nm
a b c
 
Figure 21. (a) TEM-EDS elemental mapping of Sample 6 (2% TiO2). (b) Colored 
mapping results of Si, Sn, As, Mg, Sb, Ti, and O. (c) Only yellow spots were included to 
show Ti distribution. (reprinted from [18]) 
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3.4.2 Thermoelectric Property Measurements and Theoretical Calculations 
The experimentally measured electrical conductivity (Figure 22a) and 
thermopower (Figure 22b) of Sample 5~12 (1.5% Sb doping) show that the 
incorporation of TiO2 nanoparticles reduces the electrical conductivity and enhances 
thermopower. When the concentration of TiO2 was increased to 10 vol%, the percentage 
suppression of electrical conductivity was larger than the percentage increase of 
thermopower. On the other hand, a small fraction of TiO2 (0.1, 0.2, and 0.5 vol%) made 
only marginal differences compared to those of the TiO2-free sample. Overall, the 
samples with 1.5% Sb doping have higher electrical conductivity and lower 
thermopower, compared to those in literature.31,33,38,44,56 To increase thermopower by 
decreasing the carrier concentration, we reduced Sb doping to 0.75% (Sample 1~4) since 
the thermoelectric power factor is proportional to a square of thermopower. We observed 
enlarged thermopower for Sample 1, 2, 3, and 4, whose TiO2 concentrations were 
respectively 0, 1, 2, and 5 vol% (Figure 23a,b), but resulted in only slight improvement 
in the power factor (Figure 24a,b) due to the reduced electrical conductivity. The 
addition of TiO2 displayed similar trends (reducing the electrical conductivity while 
increasing the thermopower) in the electrical properties for both 1.5% and 0.75% Sb 
doped samples. Thermal conductivity of the samples with 1.5% (Figure22c) and 0.75% 
(Figure 23c) Sb doping was suppressed in proportion to the amount of TiO2. When the 
TiO2 concentration of the samples with 1.5% Sb doping was raised from 5% to 10%, 
thermal conductivity reduction was not significant (Figure 22c). Hence we limited the 
TiO2 concentration to 5% for the samples with 0.75% Sb doping (Figure 23c).  
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Figure 22. Electrical conductivity (a), thermopower (b), and thermal conductivity (c) of 
Sample 5~12 containing TiO2 nanoparticles (0~10 vol%) and 1.5% Sb dopants. 
(reprinted from [18]) 
 
 
Figure 23. Electrical conductivity (a), thermopower (b), and thermal conductivity (c) of 
Sample 1~4 containing TiO2 nanoparticles (0, 1, 2, and 5 vol%) and 0.75% Sb dopants. 
The symbols are experimental results, and the lines are calculation results. (reprinted 
from [18]) 
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Figure 24. (a) Thermoelectric power factor of Sample 5~12 (a) and Sample 1~4 (b). 
Thermoelectric figure of merit (ZT) of Sample 5~12. (reprinted from [18]) 
 
We theoretically calculated thermoelectric properties based on the transport 
modeling used in Bahk et al.,50 and Yi and Yu,12 and identified the optimal conditions 
that maximize ZT. We first estimated the Fermi level, which provides electron (or 
majority) carrier concentration (Ne) (Eq. 3.2) and hole (or minority) carrier concentration 
(Nh) (Eq. 3.3). Then, we found ionized impurity concentration (NII = Ne  Nh) from the 
charge neutrality (assuming the acceptor concentration is negligible). It should be noted 
that, when dopants are incorporated into host materials, only a portion of dopants are 
ionized and the rest becomes non-active or/and non-ionized.12,57 These impurities alter 
the electronic relaxation time, which may significantly affect electrical conductivity but 
negligibly influence thermopower. This can be qualitatively understood from the 
thermopower relations (Eq. 3.9 and 3.10) where the relaxation time appears in both 
numerator and denominator.  
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On the other hand, thermopower is strongly dependent on ionized impurity 
concentration due to its direct correlation with the Fermi level (Eq. 3.9). Therefore we 
first sought NII by fitting a series of thermopower data as a function of temperature with 
Eq. 3.8~3.16 (the electronic relaxation time is described in detail below), and then non-
ionized carrier concentration (NNI) was determined by fitting the electrical conductivity. 
With iteration, we found unique sets of NII and NNI that fitted both temperature-
dependent thermopower and electrical conductivity.  
Our models considered the electronic relaxation time due to acoustic phonon 
scattering (τAC), polar optical phonon scattering (τPOP), ionized impurity scattering (τII), 
and non-ionized impurity scattering (τNI), which were combined by using the 
Matthiessen’s rule to obtain the total scattering relaxation time (Eq. 3.13). The relaxation 
time due to the acoustic phonon scattering is expressed as:12 
 
4
, 1.5
2 2
l
AC j
B e or h j
C
k T D E m



                                              (3.47)  
where Cl, kB, T, De or h, E, and m
*
j are elastic constant, the Boltzmann constant, absolute 
temperature, electron (subscript e) or hole (subscript h) deformation potential, energy, 
and effective mass of j valley (X1, X3, HH, and LH), respectively. The deformation 
potentials for electron and hole were found to be slightly different from those used in 
Bahk et al.,50 which resulted in a better fitting results for the bipolar thermal 
conductivity of Sample 1 (0% TiO2) (see Table 2).  
 Polar optical phonons also affect the electronic relaxation time:50 
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where N0=[exp[(ħω0)/(kBT)]1]1, and q, ωo, ε, ε∞, and No are electron charge, optical 
phonon frequency, permittivity, high frequency permittivity, and the number of optical 
phonons, respectively. It should be noted that the second and fourth terms in the bracket 
are related to optical phonon emission by scattering of electronic carriers, which occurs 
only when the energy of electronic carriers is higher than optical phonon energy, ħω0. 
Therefore, the two terms should be disregarded for electronic carriers whose energy is 
lower than optical phonon energy. Considering the narrow range of optical phonon 
frequencies, a constant optical phonon energy, ħω0 =33.3 meV was used.50 Our heavily 
doped sample has a carrier energy distribution much wider than ħω0 (distribution can be 
obtained from Eq. 3.10), so elastic scattering exists throughout the most of the energy 
range.  
The relaxation time due to non-ionized and ionized impurity scattering can be 
expressed as:12     
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where R0 indicate the screening length of Coulombic potential, calculated from Thomas-
Fermi approximation.58  
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Our models for the electrical properties did not separately consider electronic 
carrier scattering by nanoparticles and grain boundaries due to lack of knowledge for the 
specularity parameter for electrons and holes at the grain boundary surface. It has also 
been shown that the mean free path of electrons (Figure 14) is much shorter than that of 
phonons (up to microns59), so the influence of grain boundaries on electron transport is 
much weaker compared to phonons, as demonstrated in various nanostructured bulk 
systems experimentally and theoretically.58   
 
 
 
Figure 25. (a) Electron mobility and carrier concentration of Sample 1, 2, 3, and 4 from 
Hall measurements. (b) Calculated hole mobility and carrier concentration for of Sample 
1, 2, 3, and 4. (reprinted from [18]) 
 
 Thermal conductivity (k) was obtained by summating electronic thermal 
conductivity (ke), lattice thermal conductivity (kl), and bipolar thermal conductivity (kbi): 
e l bik k k k                                                         (3.51) 
ke was calculated by using the Wiedemann-Franz law (Eq. 3.20). Note that the Lorenz 
number for this work was calculated based on Eq. 3.21 since the Lorenz number for 
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semiconductors is typically smaller than the commonly used value (2.44×10-8 V2K-2) for 
metals. kbi was obtained from Eq. 3.22 with electrical conductivity and thermopower of 
electrons and holes (Eq. 3.23 and 3.24). 
 The lattice thermal conductivity was calculated by using a modified Callaway 
model (Eq. 3.25~3.30) with separately considered longitudinal and transverse modes of 
phonons whose relaxation time (τp,i) can be expressed as:  
                       
, , , , , , , , ,
1 1 1 1 1 1 1 1 1
p i pN i pR i pN i pU i pA i pB i pE i pNP i        
                         (3.52) 
where τpN,i, τpU,i, τpA,i, τpB,i, τpE,i, and τpNP,i are the phonon relaxation times corresponding 
to normal scattering, Umklapp scattering, alloy scattering, grain boundary scattering, 
electron-phonon scattering, and scattering by nanoparticles, respectively (Eq. 3.31~3.42). 
The subscript i denotes the phonon mode, which is either longitudinal or transverse 
mode. 
 We first fit the experimental thermal conductivities of undoped single crystalline 
Mg2Si and Mg2Sn,
52,53 which requires only two types of relaxation time terms 
corresponding to normal scattering (Eq. 3.31 and 3.32) and Umklapp scattering (Eq. 
3.33). We obtained the speed of sound and the Debye temperature in the longitudinal 
and transverse mode (see Table 3) from literature,51 and the Grüneisen parameters were 
used as fitting parameters for Mg2Si and Mg2Sn. Note that the different vibration modes 
for Grüneisen parameters were not considered in order to avoid arbitrary fitting. 
Grüneisen parameters of 2.5 and 1.7 for Mg2Si and Mg2Sn resulted in good agreement 
with the experimental data (Figure 15).    
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 Then, the linear average value of the Grüneisen parameters was employed for 
solid solutions of Mg2Si and Mg2Sn (4:6 atomic ratio; Mg2Si0.4Sn0.6), where alloy 
scattering needs to be additionally considered. When alloy scattering was introduced in 
our model to fit the experimental “lattice” thermal conductivity of Sample 1 (0% TiO2), 
both with and without the grain boundary scattering, the calculation results (Figure 
26a,b; 0% segregation) significantly underestimated the experimental results (symbols in 
Figure 26a,b). Note that the experimental values were obtained by subtracting (ke + kbi) 
from measurement data. This discrepancy can be attributed to the model omitting the 
effect of segregated Mg2Si and Mg2Sn phases that were observed from our EDS 
mapping results in Figure 17e~h and Figure 21. Similar segregations were also observed 
from literature.33,38,42,48 
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Figure 26. (a) Lattice thermal conductivity of Sample 1 (symbols; 0% TiO2) by 
subtracting electronic and bipolar thermal conductivity from experimentally obtained 
thermal conductivity. The lines are calculated results “without” considering phonon 
scattering at the grain boundary when segregated volume is 0, 20, and 60%. (b) The 
symbols are the same as those in ‘a’. When the phonon scattering at the grain boundary 
was included in the calculation, lattice thermal conductivity (lines) were suppressed 
mainly at low temperatures. (reprinted from [18]) 
 
 
 To take the segregation into account, a parallel thermal resistor model composed 
of three parts, a homogenous solid solution of Mg2Si0.4Sn0.6 and segregated Mg2Si and 
Mg2Sn, was employed to obtain lattice thermal conductivity.  
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where a and b are respectively lattice constants51 of Mg2Si (0.639 nm) and Mg2Sn (0.677 
nm) in order to consider the volume difference per given number of atoms. According to 
the phase diagram in literature,47 it is suggested that pure Mg2Si and pure Mg2Sn are 
present, but we cannot completely exclude presence of their mixtures. Nevertheless, we 
used a simple model (Eq. 3.53) because of difficulties in taking all various compositions 
into account. The atomic ratio of Sn is y (=0.6), and the volume fraction of the 
segregated portion is f. We estimated f with SEM images (Figure 20a~c) of multiple 
samples (0% TiO2) whose cross-sections were polished to clearly observe different 
phases. Since the dark area is Sn-rich according to EDS results (Figure 18), we 
considered that the dark regions in the SEM images are segregated Mg2Sn. The small Si 
EDS peak from the dark spot may come from Si-rich or homogeneous mixture nearby 
or/and underneath the dark spot. The area percentage of the dark region was acquired 
with ImageJ program,54 as shown in Figure 20d~f. Based on the area of Mg2Sn, vol% of 
Mg2Si was calculated from the atomic ratio of Si to Sn (4:6) and the ratio of lattice 
constant of Mg2Si to that of Mg2Sn due to the difficulties in identifying Si-rich regions 
from EDS data. The total segregation was calculated to be 60% (average) 12% (standard 
deviation) according to Eq. (3.43) and (3.44). With f = 0.6, calculated lattice thermal 
conductivity (Figure 26a; 60% segregation) better fitted the experimental data but it 
overestimated low-temperature experimental values. 
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Figure 27. (a) Thermal conductivity of Sample 1, 2, 3, and 4 (symbols), and fitting 
results (lines) with 60% segregation. When segregation is lowered to 20% and 0% with 
addition of 5 vol% TiO2 nanoparticles, significantly suppressed thermal conductivity 
was predicted by theoretical calculations (see lower four lines). (b) ZT values of Sample 
1, 2, 3, and 4 (symbols), and fitting results (lines) with 60% segregation. Upper four 
lines are predicted ZT values for ideal cases of 0% and 20% segregation. (reprinted from 
[18]) 
 
 This discrepancy at low temperatures is likely to be due to phonon scattering at 
nanograin boundary surfaces, which becomes intense when phonon mean free paths are 
longer than the grain size. The phonon mean free paths at low temperatures are longer 
than those at high temperatures, so the nanograins suppress lattice thermal conductivity 
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mainly at low temperatures. Here we acquired the average grain size (d) of 11 nm 
(distance along the diagonal direction of the nanograins) from multiple TEM images 
(Figure 19), and fitted our experimental data with a specularity parameter (α) of 0.65 
(Figure 26b: 60% segregation) in τpB,i: 
                                           1
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                                                      (3.54) 
This grain boundary scattering also made the lattice thermal conductivity for the case of 
0% segregation slightly lower (Figure 26b). The relatively large specularity parameter 
may imply that the grain boundary is less diffusive compared to the boundary surface 
(hard limit that phonons cannot cross over) of nanowires.12 This term may also include 
the effects related to strain and dislocation near the grain boundary. We were not able to 
clearly see wide strain fields propagated from the grain boundaries from the TEM 
images. Therefore we did not consider additional scattering terms here although we 
cannot completely exclude the possibility of having strain on the whole entire grains. We 
also considered electron-phonon scattering with τpE,i term (Eq. 3.37~3.39), whose 
influence on the lattice thermal conductivity is relatively small. 
 When TiO2 nanoparticles were added to the host materials, the thermal 
conductivity was suppressed, as experimentally shown in Figure 22c and 23c. In the 
calculations, this was considered by introducing τpNP,i with the diameter (DNP) of 
nanoparticles and their concentration (NNP):  
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where NNP and DNP are the concentration and diameter of nanoparticles assuming the 
nanoparticles are in a sphere shape. ϛ accounts for the density difference between the 
host material and TiO2 nanoparticle so that it approaches to 1 when the density 
difference is infinity (Eq. 3.41). For 1 and 2 vol% TiO2, DNP was set to 5 nm, which is 
the nominal diameter of individual nanoparticles according to the manufacturer’s 
specification as well as our observation from TEM images. For 5 vol% TiO2, DNP was 
chosen to be 15 nm since nanoparticles tend to aggregate with higher concentrations. 
Presumably, this is the main reason for the relatively small reduction in thermal 
conductivity when TiO2 was increased from 2% to 5% (3% increment), compared to 
those from 0% to 1% and 1% to 2% (1% increment). NNP was found from Eq. 3.42 with 
the volume percent of TiO2 nanoparticles. 
 In order to better fit the experimental thermal conductivity with all 
aforementioned relaxation times, we additionally considered a multiplying factor for the 
relaxation time corresponding to bipolar thermal conductivity. We noticed that the 
bipolar thermal conductivity was suppressed when TiO2 nanoparticles were added, 
which is indicated by the lower slopes of thermal conductivity as a function of 
temperature (> ~450 °C) with higher nanoparticle concentrations (Figure 23c). The 
bipolar thermal conductivity becomes prominent at high temperatures where the power 
factor is maximized, so it should be kept small to achieve a high ZT. In highly n-doped 
semiconductors, electrical conductivity (σe) by electrons is generally much larger than 
that (σh) by holes mainly due to the large difference in the electronic carrier 
concentration, and thermopower (Sh) by holes is much larger than that (Se) by electrons 
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mainly due to the larger energy gap between the Fermi level and the mean energy of 
holes. (Sh –Se) negligibly changes with TiO2 contents (866, 859, 857, and 855 μV/K for 0, 
1, 2, and 5 vol% TiO2 samples, respectively). Then, the bipolar thermal conductivity 
expression can be written as:  
                             2( ) Constante hbi e h h
e h
k S S T T
 
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                                  (3.56) 
Therefore σh mainly determines the bipolar thermal conductivity. σh is dependent on both 
hole concentration (Nh) and hole mobility (μh). Nh was increased with TiO2 addition 
according to our calculations (Eq. 3.3), as shown in Figure 25b. Therefore we believe 
that the suppression of hole mobility can be attributed to the reduction of bipolar thermal 
conductivity. TiO2 nanoparticles by themselves could be effective scattering centers 
or/and they may induce effective charge traps for the minority carrier presumably due to 
relatively low energy of minority carriers compared to majority carriers. This may also 
be related to the minority carrier blocking effect by TiO2 heterostructure barriers.
60-62 
 In our calculations, we adopted an adjustable parameter (), and then multiplied 
the hole relaxation time by  (Eq. 3.45 and 3.46) since the mobility has a direct 
correlation with the relaxation time (μh=qτh/mh*). Then, with the adjusted hole relaxation 
time, electrical conductivity and thermopower were re-calculated. Note that the 
influence of this mobility change on electrical conductivity and thermopower was 
negligible. The mobility of hole carriers was found to steadily decrease with TiO2 
content, from 20 cm2/V-s for the case of 0% TiO2 (β=1) to 16.8 (β=0.8), 12.6 (β=0.6), 
and 10.6 cm2/V-s (β=0.5) respectively for 1, 2, and 5 vol% TiO2 samples, by fitting the 
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experimental data, as shown in Figure 27a (upper four fitting lines). To better fit the 
thermal conductivity at low temperatures where the bipolar term is negligible, we 
adjusted the specularity parameter to 0.60, 0.55, and 0.50, respectively for 1, 2, and 5 
vol% nanoparticles. Additional nanoparticles are likely to disrupt the material structures, 
which may increase phonon scattering at the grain boundary. 
 We further estimated thermal conductivity when the segregation (60%) becomes 
smaller (20% and 0%) as well as TiO2 nanoparticles are 0 and 5 vol%, as shown in the 
lower four lines in Figure 27a. The lowest thermal conductivity was obtained with 0% 
segregation and 5 vol% nanoparticles. Thermal conductivity was smaller with lower 
segregations and higher nanoparticle concentrations. It is very interesting to see the 
strong influence of the segregation on thermal conductivity, but 0% segregation may not 
be practically feasible due to the miscibility gap. Therefore, addition of TiO2 
nanoparticles could be an alternative to reduce the thermal conductivity. For example, 
one can have segregation above zero (e.g., 20%), and then 5 vol% TiO2 can be used to 
have thermal conductivity close to that of a 0%-segregated sample (without TiO2). In 
this case, when segregation changes from 0% to 20%, the increase of lattice thermal 
conductivity can be compensated by the addition of the nanoparticles. The difference in 
lattice thermal conductivity is shown in Figure 26b. 
 Figure 27b shows experimentally obtained ZT (symbols) of samples with 2 and 5 
vol% TiO2 nanoparticles, which were fitted with 60% segregation. The highest 
experimental ZT value was ~1.1 at ~550 oC with 2 and 5 vol% TiO2, which was greatly 
improved from the sample without TiO2 nanoparticles (ZT ~ 0.9). This ZT increase 
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mainly comes from the reduction of lattice and bipolar thermal conductivity as a result 
of incorporation of TiO2 nanoparticles. Compared to the best ZT values in literature, our 
ZT values are lower due to higher thermal conductivity. The origin of the high thermal 
conductivity is thought to be the inevitable phase segregation, suggesting that the 
significantly low thermal conductivity reported in literature could be due to high 
porosity during thermal conductivity measurements or/and a small fraction of segregated 
phases that is likely to be subject to further segregation at high temperatures. We also 
estimated the upper bound ZT (~1.8) with 0% segregation and 5 vol% nanoparticles, 
which is lowered to ~1.5 for a practically feasible case of 20% segregation and 5 vol% 
nanoparticles. To visualize the influence the nanoparticle addition, ZT without 
nanoparticles were also plotted together in Figure 27b. 
 
3.5 Conclusions 
We synthesized solid solutions of magnesium silicide and magnesium stannide 
with arsenic and antimony as dopants by using a current assisted sintering method. TiO2 
nanoparticles (0~10 vol%) were used as additives to suppress lattice thermal 
conductivity. Electrical conductivity, thermopower, and thermal conductivity were all 
experimentally measured, and the experimental data was fitted to predict the optimum 
conditions to maximize ZT. Our samples contain nanograins and segregated Mg2Si and 
Mg2Sn phases according to SEM, TEM, and EDS results. The maximum ZT from our 
experiments was 1.1 with 2 and 5 vol% TiO2 nanoparticles, which was improved from 
0.9 without the nanoparticles. This increase in ZT mainly comes from suppressed lattice 
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thermal conductivity in addition to lower bipolar thermal conductivity at high 
temperatures. We found that the segregation increases lattice thermal conductivity, and 
0% segregation resulted in the lowest lattice thermal conductivity. Considering the phase 
segregation is difficult to avoid due to the miscibility gap, addition of extraneous TiO2 
nanoparticles was found to be effective to further suppress lattice thermal conductivity. 
The upper bound of ZT was predicted to be 1.8 for the ideal case of no phase segregation 
and addition of 5 vol% TiO2 nanoparticles. We believe further study to suppress the 
phase segregation may provide key knowledge in synthesizing practically viable 
Mg2(Si,Sn). 
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CHAPTER IV 
 STABLE SOLID SOLUTION OF Mg2(Si,Sn)  SYNTHESIZED  BY HIGH ENERGY 
BALL MILLING ELEMENTAL POWDER 
 
4.1 Introduction 
As investigated in Chapter 3, it is desired to have homogeneously well-mixed 
solid solution rather than the composite system with separated phases. Proposed work is 
to change the material preparation and process method so as to achieve the more 
favorable condition toward the better solid solution kinetically and thermodynamically 
as literature63,64 showed the possibility of modified miscibility gap depending on the 
microstructure of material system due to several factors such as interface coherency, 
dopant, etc.  
Also the systematic study on how the degree of mixing between two types of 
atoms affects the entire thermoelectric performance, as shown in Figure 28, including 
thermopower and electrical conductivity in addition to the lattice thermal conductivity in 
the previous chapter will be informative inasmuch as most of the efficient thermoelectric 
materials have alloyed system composed of two types of atoms with the identical crystal 
structure.11,23 
In the work of this chapter I utilized the high energy ball milling, which involves 
the more dynamic motion of mixing, rather than solid state reaction of Chapter 3, to 
prepare the alloyed powder such as Mg2Si, Mg2Sn, and Mg2Si1-xSnx out of Mg, Si, Sn 
elemental powders. 
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Figure 28. TEM image of Mg2Si0.4Sn0.6 pellet sample which consists of Sn-rich and Si-
rich phases (left) and the schematic for idealized solid solution of Mg2Si0.25Sn0.75 as an 
example (right). (reprinted from [18]) 
 
 
4.2 Experimental  
 Figure 29a shows the procedure of current-assisted sintering to perform the 
experiments. The sintered pellets can be observed in Figure 29b together with 1 cent 
coin for reference. Hall effect measurement was performed to ensure that the sintered 
pellets are in the desired doping range whose chemical potential is 0 ~ 0.5 kBT above the 
conduction band edge so as to have the optimized thermoelectric properties. 
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Figure 29. (a) Procedure of synthesizing bulk pellet samples using current assisted 
sintering method, (b) synthesized samples (Mg2Si, Mg2Sn, Mg2Si0.3Sn0.7, ZnO, and 
SrTiO3 from left to right) with 1-cent coin for comparison. 
 
4.3 Results and discussion 
4.3.1 Post annealed Mg2Si0.3Sn0.7  
 Figure 30 shows the XRD and thermal conductivity results of Mg2Si0.3Sn0.7 
samples with different post annealing time at the same temperature employed for the 
current-assisted sintering. Although some literature for Mg2Si1-xSnx claims the 
miscibility gap, hence the phase segregation into Sn-rich and Si-rich happens in the 
material system, the sample in this work showed no direct evidence of segregated phases 
within the scope of XRD and thermal conductivity measurement results. As post 
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annealing time increased from 0 hours to 18 hours, the XRD peak becomes rather 
sharper without any separation, which implies no significant phase segregation. Figure 
30b shows the thermal conductivity measurement results together with two plots from 
literature, one for segregated Mg2Si0.4Sn0.6 sample
18 and the other for the desired solid 
solution of Mg2Si0.3Sn0.7.
56 It should be noted that the little difference in the ratio of Sn 
and Si are marginal so that the difference is mainly from the existence of separated 
phases. As witnessed already in Figure 30a, the thermal conductivity change was also 
marginal, but just retaining its low thermal conductivity similar to literature value for 
solid solution (solid line) up to the post annealing time of 12 hours. When post annealing 
time increased up to 18 hours the thermal conductivity even decreased a lot due to the 
loss of its carrier concentration leaving only its lattice thermal conductivity portion with 
little contribution of electronic thermal conductivity. The increasing trend with 
temperature after 500 K is the nature of bipolar thermal conductivity, which well 
explains the dropped carrier concentration consistently. In short, the thermal 
conductivity of the samples prepared by high energy ball milling never approached to 
the reported value for segregated sample in literature, implying the well maintained solid 
solution. 
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Figure 30. (a) XRD results and (b) thermal conductivity of Mg2Si0.3Sn0.7 samples with 
various post annealing time. 
 
4.3.2 Separate preparation of Mg2Sn and Mg2Si 
 In order to perform an experiment to check whether the maintained solid solution 
with post annealing is favorable thermodynamically, separate powder of Mg2Sn and 
Mg2Si were prepared so as to track the change with post annealing of Mg2Sn – Mg2Si 
composite system. 
 Figure 31a shows the XRD results of Mg2Sn and Mg2Si pellets implying the 
good crystallinity based on the proper peak locations and sharpness. It should be noted 
that the peaks of Mg2Sn are shifted toward left compared to those of Mg2Si because of 
lattice constant difference while the crystal structure is the same which is consistent to 
the observation in Chapter 3. Figure 31b shows the ZT of two pellets determined from 
the measured thermal conductivity, electrical conductivity, thermopower, and 
temperature. Two solid lines from literature65,66 are present for the purpose of 
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comparison and assurance of the quality of each sample as building blocks to form the 
solid solution of Mg2Si0.3Sn0.7. Slight difference between my samples and literature is 
owing to the nature of ZT, a strong function of carrier concentration, so that perfect 
matching is challenging unless the doping level is precisely controlled. 
 
Figure 31. (a) XRD results of Mg2Sn and Mg2Si and (b) ZT results of Mg2Sn and Mg2Si. 
 
4.3.3 Post annealed Mg2Sn : Mg2Si = 7:3 composite 
 Figure 32 and Figure 33 show experimental results by preparing pellet samples 
out of individually prepared Mg2Sn and Mg2Si powders with various conditions of 
mixing and post annealing time. Table 5 shows the list of pellets made from 6.5 g of the 
mixture Mg2Si : Mg2Sn = 3:7. XRD results are in Figure 32 and thermal conductivity 
results are in Figure 33a and Figure 33b, followed by power factor and ZT of two 
selected samples in Figure 33c and Figure 33d. XRD results of sample A and B 
demonstrates the separate sets of peaks for Mg2Sn at lower angles and Mg2Si at higher 
angles owing to the difference in lattice constant as mentioned earlier: 6.77 Å  for Mg2Sn 
and 6.39 Å  for Mg2Si. It is noted that the peaks of Mg2Si are less pronounced because of 
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less number of atoms as well as higher melting temperature, which should result in 
smaller grain size compared to that of Mg2Sn after sintering at the identical temperature. 
By looking at XRD results of C and E compared with B it is possible to confirm that, by 
either ball milling or post annealing, Si and Sn atoms are mixed well in the scale 
detectable through XRD so as to shows the single set of peaks. Other samples also 
exhibit a single set of peaks of which locations are in between that of Mg2Sn and Mg2Si, 
similar to the reference sample H made by using high energy ball milling of Si and Sn 
altogether from the beginning as samples in Figure 30. Although the converging trends 
of separate peaks with post treatment seems contradictory to Mg2Sn-Mg2Si system’s 
immiscible nature33,36,38,39,67, , which prevents binary material system to form a solid 
solution, it cannot be assured that this observation by itself means the absence of 
thermodynamic miscibility gap because the two phases might not be detected through 
XRD in case the pattern is too fine to make the noticeable lattice constant difference. 
Also coherently formed interface between two phases is also able to induce the 
continuous change in lattice constant spatially so that separate peaks might not be 
observable, but just broadened peaks with larger full width half maximum. This aspect 
of material kinetics and thermodynamics is out of the main focus of this work and 
warrants further investigation. 
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Table 5. List of samples for Mg2Sn: Mg2Si = 7:3 doped with 2% of Bi 
 
 
 
 
 
 
 
 
Figure 32. XRD results of samples A ~ H 
Label Ball milling 
(min) 
Post 
annealing 
(hours) 
Electrical 
conductivity 
at RT (S/cm) 
Density (%) 
A 2.5 0 2590 99 
B 5 0 2690 100 
C 5 10 2210 91 
D 30 3 2190 96 
E 50 0 2030 97 
F 50 0.05 2710 95 
G 50 3 2220 96 
H N/A, Mg2(Si0.3Sn0.7)0.98Bi0.02 1890 101 
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Figure 33. Thermal conductivity of samples. (a) ball milling time effect A, B, and E, (b) 
post annealing time effect E, F, and G, (c) PF of A and H, and (d) ZT of A and H. 
 
Figure 33a and Figure 33b show the measured thermal conductivities of the sample A, B, 
E, F, G, and H. As shown in Figure 33a the mixing of two types of powder by ball 
milling from 2.5 min to 50 min doesn’t make noticeable difference except for around 
300 K as much as 0.5 W/m-K. Considering the electrical conductivity reduction from 
2590 to 2030 S/cm caused by carrier’s alloy scattering it can be concluded that the ball 
milling time doesn’t help much for lowering lattice thermal conductivity by phonon’s 
alloy scattering, although XRD data of E exhibits the single set of peaks, which is a clear 
difference from that of A (or B). Meanwhile Figure 33b, samples with varying post 
annealing time from 0 to 3 hours, demonstrates the protruding contrast. The thermal 
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conductivity is dropped by about 1 W/m-K from sample E to sample G through the 
entire temperature range from 300 K to 800 K, of which difference can be interpreted as 
lattice thermal conductivities’ difference inasmuch as electrical conductivity difference 
of 190 S/cm can produce the electronic thermal conductivity of 0.15 W/m-K at most 
with Wiedemann-Franz law. The thermal conductivity of G is almost approaching that of 
H, which was prepared by mixing Si and Sn with the same ratio of 3:7 from the 
beginning of powder preparation so that phonon is fully under the influence of scattering 
by randomly placed Si and Sn atoms, and comparable to values reported by literature68. 
In short, Figure 33a and Figure 33b shows the obvious picture of reducing lattice thermal 
conductivity as Si and Sn atoms’ degree of mixing increases so as to maximize the 
phonon scattering by alloys. Now Figure 33c reveals the influence toward electrical 
property, more specifically PF for thermoelectric application. The enhancement in PF 
from less mixed sample A to well mixed sample H is as much as 30% so that the 
difference in ZT, which has PF in numerator and k in denominator, in Figure 33d takes 
the effect from both aspects: thermal and electrical and shows the huge difference as 
much as 60%.  
 
4.4 Conclusions 
 In order to investigate this phenomenon more especially in PF, possibly due to 
valley convergence and has not drawn much attention before by researchers, 
systematically with the optimized doping level so as to produce the highest ZT, another 
set of samples with proper doping level needs to be prepared. Through the systematic 
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study on thermoelectric ZT as a function of the degree of mixing in Mg2Si0.3Sn0.7, 
concrete conclusion can be made. Also pellet samples need to be prepared with different 
ratio of Sn and Si so as to obtain more concrete conclusion whether miscibility gap is 
truly terminated in the samples prepare by high energy ball milling, hence achieving the 
desired solid solution favorable for stable and reliable thermoelectric power generation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 72 
 
 
CHAPTER V 
IMPROVEMENT IN THERMOELECTRIC ZT BY THERMODYNAMIC 
EVOLUTION BEYOND THE MISCIBILITY GAP IN Mg2Sn : Mg2Si COMPOSITE 
 
5.1 Introduction 
Thermoelectric power generation is one of the promising techniques as the global 
demand for renewable energy is growing recently. Also the nature of thermoelectrics 
that utilizes the redundant heat into useful electricity enables the energy harvesting in 
various circumstances accompanying continuous heat dissipation such as wearable 
electronics, Internet of Things (IoT), etc. Among several rare-earth heavy atom material 
systems, such as bismuth telluride, lead telluride, etc., the thermoelectric figure of merit 
(ZT), which is the key factor determining thermoelectric power conversion efficiency, 
has been found to be significant. Due to the recent state-of-the-art nano technologies 
there has been remarkable progress toward the improvement of material’s ZT in recent 
10 years5,10,11,23-25,69-75 so as to focus more on other aspects such as module level 
integration76-79, environmental friendliness20,22,80, material cost81-83 and so forth. 
Magnesium silicide35,52,65,84-91 is an emerging thermoelectric material owing to its 
light weight, non-toxicity and affordable cost since magnesium and silicon are abundant 
on earth. Moreover when another atom substituting the silicon in the same group such as 
tin or germanium replaces the silicon atom at a certain amount it forms the alloy system 
whose chemical formula is Mg2Si1-x-ySnxGey. This alloyed structure induces, in addition 
to the phonon scattering in shorter wave length range12,14,19,92, the modification in 
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electronic structure of the material system such that the energy level difference between 
valleys is rearranged and converged68,93,94 to the level of several kBT so as to maximizing 
the power factor (PF = σ ×  S2), one of the building blocks determining ZT = (PF × T) / k, 
where σ, S, k, and T are electrical conductivity, thermopower, thermal conductivity, and 
the absolute temperature. This enhancement in PF as well as the depression in thermal 
conductivity at a certain combination of aforementioned x and y is clearly the 
phenomena beyond the well-known explanation for composite materials95, which is 
simply explained by the averaged material property by individual’s volume percent. It 
should be noted that this phenomenon can happen only from the portion that is 
homogeneous microscopically and sometimes in atomic level such that each type of 
carrier, e.g., phonon as heat carrier and electron as charge carrier, can sense the mixing 
ratio among each type of atoms within the range of its wavelength3.  
In this regard it is important to have a thermoelectric material sample with fully 
alloyed elements, which is the ideal situation and hard to achieve because typical 
material preparation is from the individual raw material powders so that the variation of 
the atoms’ composition in the microscopic level is inevitable unless the extreme amount 
of time and cost for the process is invested. Moreover some of the thermoelectric 
material systems such as Mg2SnxSi1-x is known to have a thermodynamic issue of 
miscibility gap between Si and Sn atoms so that it is more prone to have non-fully 
alloyed phases of Si-rich or Sn-rich33,36,38,67. The deviation in the reported peak ZT of 
Mg2SnxSi1-x, where 0.55 < x < 0.7, among researchers ranging from 1.0 to 1.5
31,56,96 
might be attributed to this issue, although no one has performed a systematic study to 
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investigate the interrelation. Therefore the investigation on the correlation of the 
homogeneity to the thermoelectric performance and the accurate phase diagram of 
Mg2Sn-Mg2Si system, with the emphasis on the miscibility gap, would enlighten the 
future direction toward the practical aspects including the tolerance in degree of mixing 
for acceptable material property, corresponding process condition, and the optimum 
window in view of the trade-off between the thermoelectric performance and the 
required process cost.  
In this work using Mg2Sn
66,97-99 and Mg2Si
65
 powder prepared separately as a 
source we investigated the existence of miscibility gap, electrical conductivity, 
thermopower, thermal conductivity, and ZT with bulk pellet samples made by various 
ratios of Sn:Si and process conditions for controlling the degree of mixing between Sn 
and Si atoms. 
 
5.2 Experimental 
We prepared Mg2Si and Mg2Sn powder heavily doped with 1.5 at. % bismuth for 
the optimum thermoelectric performance56 by high energy ball milling (Spex 
SamplePrep 8000M)65 Mg turning (99.9%, Across organics), Si powder (99.999%, -
100+325 mesh, Alfa aesar), Sn powder (99.8%, -325 Mesh, Alfa aesar), and Bi powder 
(99.9%, Strem chemicals) with stainless steel balls and vial for 10 hours. As shown in 
the upper two plots in Figure 34, the resultant powder shows the majority of the powder 
to be Mg2Si or Mg2Sn with some impurities of residual Mg, Si, and Sn. Nevertheless 
after current-assisted sintering of the proper amount of powder (0.38 or 0.6 g) at 750 or 
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600 oC for 200 seconds the pellets with the density higher than 98% of the theoretical 
density (2.0 g/cm3 or 3.59 g/cm3, respectively) and proper mobility65,66 at room 
temperature ranging from 80 to 100 cm2V-1s-1 from Hall effect measurements were 
obtained. The lower two plots in Figure 34 also show the clear and sharp peaks of Mg2Si 
and Mg2Sn implying the purity of samples made from high energy ball milling elemental 
powders100-103 followed by current-assisted sintering. Both samples’ ZT values are also 
in good agreement with literature as can be found in Figure 35. 
 
 
Figure 34. XRD results of synthesized Mg2Sn and Mg2Si powders and pellets after 
current-assisted sintering. 
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Figure 35. Thermoelectric properties of Mg2Sn0.985Bi0.015 and Mg2Si0.985Bi0.015; (a) ZT, 
(b) PF, (c) thermopower, and (d) thermal conductivity. 
 
Afterwards each powder with the weight ratio of wSi : wSn = 1: (0.9~5.0) so as to 
achieve the desired stoichiometry of from Mg2Sn0.3Si0.7, which is at the center of 
miscibility gap in Mg2Sn-Mg2Si binary system’s phase diagram67, to Mg2Sn0.7Si0.3, well 
known to have the best ZT among Mg2SnxSi1-x solid solutions
56, was put together into a 
stainless-steel vial and high energy ball milled for up to 50 minutes as shown 
schematically in Figure 36. Then the mixed powder of 0.46 ~ 0.55 g was loaded into a 
half-inch diameter graphite die and current-assisted sintering was performed at 720 ~ 
650 oC for 200 seconds. Finally the graphite die and punch set including the pellet inside 
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was transferred to a 2 inch diameter tube furnace for post annealing at the temperature 
same as that of sintering process up to 12 hours in vacuum. Through this strategy the 
sublimation and/or oxidation of Mg was prevented while exposing the pellet for a long 
period of time.  
 
Figure 36. Schematic of sample preparation from the elemental raw powder to 
macroscopic bulk pellet. 
 
The synthesized pellet was polished with sand papers in order to have both faces 
flat and shiny followed by electrical conductivity and Hall effect measurement at the 
room temperature with the circular shape. Thermal conductivity was obtained as k=DρC, 
where D is the thermal diffusivity measured by Xe-flash setup (TA instrument FL3000), 
ρ is the density measured using Archimedes method, and C is the specific heat adopted 
from literature33,66,104. For the measurement of thermopower and electrical conductivity 
as a function of temperature the pellet was cut into a bar whose dimension is 1.3 × 5 × 
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11 mm3 using diamond saw and mounted to our custom-made setup, capable of 
measurements at temperatures ranging from 30 to 400 oC.  
 
5.3 Results and discussion 
5.3.1 Phase evolution in Mg2Sn : Mg2Si = 3:7 inside miscibility gap 
Table 6 shows the list of samples prepared by mixing Mg2Sn and Mg2Si powder 
with the ratio of 3:7 so that the composition is placed at the exact center of miscibility 
gap in Mg2Sn-Mg2Si binary material system and the clearly separated phases of 
Mg2Sn0.55Si0.45 and Mg2Sn0.1Si0.9 can be obtained
67 as they go through mixing and 
thermal processing at around 700 oC. XRD results in Figure 37 show the trend of phase 
evolution as it goes through more mixing and heat treatment by post annealing.  
 
 
 
Label 
Ball 
milling 
(min) 
Post 
annealing 
(hours) 
Electrical 
conductivity 
at RT (S/cm) 
 
Density (%) 
Carrier 
concentration 
(1020 cm-3) 
P169 0.1 0 1790 102 2.35 
P172 2 0 1510 102 2.28 
P174 4 0 1420 102 2.11 
P170 2 3 1620 96 1.90 
P173 4 7 1870 97 2.78  
Table 6. List of samples for Mg2Sn: Mg2Si = 3:7 doped with 1.5% of Bi 
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Figure 37. XRD results of (a) samples in Table 1, (b) detailed analysis using the peak 
from (111)-plane, and (c) detailed analysis using the peak from (220)-plane. Five 
vertical lines correspond to the peak locations for various Si:Sn ratio: Mg2Sn, 
Mg2Sn0.55Si0.45, Mg2Sn0.3Si0.7, Mg2Sn0.1Si0.9, and Mg2Si. 
 
Surprisingly, as shown in Figure 37a, pairs of peaks are unified into a single set 
of peaks as more mixing and post annealing were done, entirely opposite to what the 
phase diagram in literature claims33,36,38,67. Detailed analysis is possible using the narrow 
angle-scanned diffraction data for major two angle locations: (111) at 22.747 ~ 24.241 as 
shown in Figure 37b and (220) at 37.587 ~ 40.121 as shown in Figure 37c. The first 
sample, P169, with little mixing just for 0.1 min shows the well-expected outcome with 
distinct two peaks from Sn-rich phase and Si-rich phases. In Figure 37b it should be 
noted that the peak for (111) of Mg2Si at 24.241 still remains as the strongest peak 
among others due to insufficient time of mixing and high melting point of Mg2Si (~1085 
oC) compare to process temperature (720 oC). However it can be found that Mg2Sn 
doesn’t remain as it is in view of the shifted XRD peak to ~ 23.1. Due to lower melting 
point of Mg2Sn (778 
oC) as well as less amount in volume compared to Mg2Si, it is 
highly probable that all Mg2Sn was softened and wrapping the outer surface of Mg2Si 
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particles with coherent lattice matching so that the corresponding peaks for two distinct 
phases around the coherent interface are in strain making the peak shifts. As a result, the 
peak of Mg2Sn at ~23.1 implies the compressive strain and the peak of Mg2Si at ~24.0 is 
from tensile-strained portion. By observing the next two samples, P172 and P174, it is 
notable that the pristine peak of Mg2Si at 24.241 weakened a lot while the corresponding 
peaks for Sn-rich phase and Si-rich phase are protruding. It is interesting that the two 
peaks at ~23.4 and ~24.1 match the precipitating phases (Mg2Sn0.55Si0.45 and 
Mg2Sn0.1Si0.9) according to the phase diagram in literature. Nevertheless the samples 
P170 and P173, which are after post annealing for 3 and 7 hours, show the unified single 
peak in a good agreement with the theoretically calculated peak position at 23.75 for 
Mg2Sn0.3Si0.7, which might indicate the absence of miscibility gap due to some reasons 
such as the suppression of miscibility gap by the coherent interfaces stemming from the 
nature of the powder prepared by high energy ball milling. Figure 37c from (220) planes 
also demonstrates the similar phenomena consistent with that of (111) planes in Figure 
37b. 
 
Figure 38. (a) Thermal conductivity of samples and (b) lattice thermal conductivity with 
calculation results. 
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Measured thermal conductivity results are shown in Figure 38a from room 
temperature to 400 oC. P169 with the least effort of mixing shows the highest thermal 
conductivity, which is the well expected result in view of the alloy scattering in 
phonon14,92. The extracted lattice thermal conductivity results after subtracting the 
electronic thermal conductivity portion using Wiedemann Franz law27,56 are available in 
Figure 38b. Due to the large band gap of Mg2Sn0.3Si0.7 and heavy doping level bipolar 
thermal conductivity can be assumed negligible. The lattice thermal conductivity results 
nicely demonstrate the reduction with more mixing and longer post annealing time. The 
samples with 2 min and 4 min mixing without post annealing show the medium level of 
thermal conductivity, which is in between that of least mixed sample (P169) and that of 
post annealed samples (P170 and P173). The fact that the lattice thermal conductivity 
values of P170 and P173 show marginal difference, although P173 has slightly smaller 
thermal conductivities, implies that the material system evolution with post annealing is 
almost saturated just after 3 hours of post annealing. The highest (P169) and lowest 
(P173) data points were fitted using a modified Callaway model for phase segregated 
material system, developed in Chapter 318. According to the fitting the sample with the 
most distinct two phases (P169) has 27% of non-mixed portion out of the entire volume. 
Although the sample was prepared by crude mixing just for 6 seconds and the 
appearance of the clearly polished face shows distinct phases in bare eyes (not shown 
here), just 27% of its entire volume remains as unmixed phases. However it can be 
regarded as consistent in view of XRD results (shifted peak of Mg2Sn) and the lattice 
thermal conductivity at 400 oC, which is smaller than 2 W/m-K, impossible to achieve 
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using a simple rule-of-mixture of Mg2Sn and Mg2Si’s value from Figure 35d. During 
200 seconds of current-assisted sintering, not only the densification of the pellet, but also 
73% of the entire volume might have formed the solid solution. The sample with the best 
mixing / lowest thermal conductivity (P173) was fitted by 7% segregation curve. 
Although the thermal conductivity results are similar to reported values in literature68 
and single sharp peaks are observed in XRD, it might imply that 7% of the entire volume 
still remains as unmixed phases with good coherency between phases so that no distinct 
XRD peaks are detectable.  
 
5.3.2 Similarity in Mg2Sn : Mg2Si = 4:6 and 5:5 
Similar experiments with different Sn:Si ratios (4:6 and 5:5) which are still in 
miscibility gap of phase diagram were performed and identical trend was observed as 
shown in Figure 39 for XRD results and Figure 40d for thermal conductivities. Although 
it is less likely that the entire Sn and Si atoms are homogeneously mixed with short 
period of mixing and post annealing, it can be clearly concluded that the major direction 
of thermodynamic evolution in our samples is toward the better mixing. And it seems 
that the degree of mixing is the level in which possible separate phases cannot be 
detected in the scope of XRD, approaching the solid solution rather than the 
macroscopically separated two phases, which appears to be beyond the conclusion of 
literature67. 
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Label 
Ball milling 
(min) 
Post 
annealing 
(hours) 
Electrical 
conductivity at 
RT (S/cm) 
 
Density (%) 
Mg2Sn0.4Si0.6 
Segregated 
0.1 0 1530 102 
Mg2Sn0.4Si0.6  
Less segregated 
7 10 1530 96 
Mg2Sn0.5Si0.5  
Segregated 
0.1 0 1590 101 
Mg2Sn0.5Si0.5  
Less segregated 
2 3 1510 96 
Table 7. List of samples for Mg2Sn : Mg2Si = 4:6 and 5:5 
 
 
                              
Figure 39. XRD results of Segregated Mg2Sn0.4Si0.6, Less segregated Mg2Sn0.4Si0.6, 
Segregated Mg2Sn0.5Si0.5, and Less segregated Mg2Sn0.5Si0.5. 
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Figure 40. Thermoelectric properties of segregated / less segregated Mg2Si0.6Sn0.4 and 
Mg2Si0.5Sn0.5 samples. (a) ZT, (b) power factor, (c) thermopower, and (d) thermal 
conductivity. 
 
5.3.3 Unveiled miscibility gap after 50 hours of annealing 
 To verify the presence or absence of miscibility gap, a longer time of annealing 
up to 50 hours was tried and the separated pairs of peaks in XRD were able to be 
detected (Figure 41) possibly due to the grain growth of each phase, which enhances the 
diffraction intensity out of noise level. Nevertheless the lattice thermal conductivity 
(Figure 42) doesn’t increase, but rather decreased further, which is the beneficial feature 
for thermoelectric application. It is likely that the decomposed phases form fine lamella 
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structures so as to efficiently scatter phonons fully compensating the loss of alloy 
scattering by decomposed phases, which requires further exploration in the future.  
 
+  
Figure 41. XRD results of Mg2Sn0.4Si0.6 and Mg2Sn0.3Si0.7 samples after 50 hours of 
annealing. Vertical guidelines correspond to the theoretical lattice constant depending on 
Sn contents (1, 0.78, 0.5, 0.23, and 0). 
 
 
 
                      
Figure 42.  Thermal conductivity of samples after 50 hours of post annealing. Solid 
lines represent the lattice thermal conductivity of samples “Mg2Sn0.4Si0.6 Less 
segregated” and P173 for comparison. 
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5.3.4 Valley convergence in Mg2Sn : Mg2Si = 7:3 
In order to further investigate whether this observation beyond the miscibility 
gap is favorable toward real application in thermoelectrics, the samples with the ratio of 
Sn:Sn = 7:3 for the best ZT was prepared as shown in Table 8. 
 
Label Ball milling 
(min) 
Post 
annealing 
(hours) 
Electrical 
conductivity 
at RT (S/cm) 
Density (%) Carrier 
concentration 
 (1020 cm-3) 
P155 0.1 0 2160 101 2.3 
P151  
10 
0 1900 100 2.2 
P153 0.25 2020 98 2.1 
P156 7 2150 97 2.3 
Table 8. List of samples for Mg2Sn: Mg2Si = 7:3 doped with 1.65 % of Bi. 
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Figure 43. Thermoelectric properties of Bi 1.65% samples. (a) ZT, (b) PF, (c) 
thermopower, (d) electrical conductivity, (e) thermal conductivity, and (f) lattice thermal 
conductivity. Solid lines for Sample P155 and P153 are for guiding eyes. 
 
 Figure 43 shows ZT of sample P155, P151, P153, and P156 in (a), followed by 
the ingredient composing the ZT such as PF, thermopower, electrical conductivity, 
thermal conductivity, and estimated lattice thermal conductivity from (b) to (f) 
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accordingly. Here P155 was made from the powder slightly mixed together to obtaine 
the similar trend as P169 in Table 6. whereas the other 3 samples were prepared to 
achieve a better degree of mixing by high energy ball milling for 10 min. The surface of 
well-polished P155 has also noticeable difference, as in P169, in bare eyes such as less 
shiny appearance with segregated portions, some of which has the scale of larger than 
100 um (not shown here). Similar to what we observed in P169, the minimally mixed 
P155 seems to have some portion with solid solution in view of its lattice thermal 
conductivity, power factor, and ZT. For example, considering the ZT ~ 0.6 and 0.4 of 
our Mg2Sn and Mg2Si samples (Figure 35), the ZT of P155 already exceeds the average 
ZT from Mg2Sn and Mg2Si. Although the pellet was prepared from the powder by crude 
mixing, it is likely that Sn and Si atoms are mixed during current-assisted sintering and 
cannot preserve 100% separation of each phase. Nevertheless the trend of enhancement 
in ZT is clear as more effort is put for better mixing from P155 to P156 so that the ZT is 
increased as much as 40% from 0.9 of P155 to 1.3 to P153. This huge enhancement in 
ZT from “pseudo composite” to “pseudo solid solution” is attributed to two factors: 
enhancement in PF and reduction in lattice thermal conductivity as shown in Figure 43b 
and Figure 43f. The reduction in lattice thermal conductivity is due to the enhanced alloy 
scattering, which is consistent to the results in literature68.  
Meanwhile the enhancement in PF can be investigated by disassemble the 
component into thermopower and electrical conductivity as shown in Figures 43c and 
43d. The main contribution is from thermopower in Figure 43c showing the gradual 
enhancement from P155 to P156 due to growing portion of solid solution, which elevate 
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the total density of states in conduction band23,68,94, out of separate two phases. However 
the reduction in electrical conductivity was marginal and less significant compared to 
our initial hypothesis. For example, sample P155 has much more deviation from the 
linear trend of electrical conductivity as a function of T1.5 especially near room 
temperature compared to other samples, implying the additional scattering mechanism to 
commonly dominant acoustic phonon scattering18,50. Since this additional scattering in 
charge carrier is unfavorable direction for thermoelectric application, this would not 
worth investigating or modeling more in detail. The energy barrier in conduction band 
between two phases owing to the difference in DOS might be one possibility. P156 has 
slightly lower ZT compared to 2C, which might be not meaningful as the difference is 
marginal and within the error range.  
Figure 44 shows the thermopowers of P153, P155, Mg2Sn and Mg2Si fitted with 
the calculated thermopower with the assumption of acoustic phonon as the dominant 
scattering mechanism to catch the idea that samples’ density of states (DOS) effective 
mass increases from individual component (Mg2Sn or Mg2Si) to well-mixed 
Mg2Sn0.7Si0.3 solid solution (P153). Fitted thermopower as a function of temperature 
well matches the experiment results, implying that the electronic structure of Mg2SnxSi1-x 
can be well modeled using the assumption of parabolic band with constant effective 
mass over temperatures. The corresponding effective masses of a single valley from the 
best fitting are denoted in the legend for 4 different samples. m*/m0 = 0.63 and 0.5 for 
Mg2Sn and Mg2Si are in good agreement with literature
66,88,89. As the material system 
undergoes mixing m*/m0 increases to 0.8 (P155) and eventually 1.1 (P153).  
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Figure 44. Thermopower of Mg2Si0.3Sn0.7 (P153 and P155), Mg2Sn, and Mg2Si fitted by 
calculated thermopower with variable effective mass. 
 
The enhancement beyond the typical rule-of-mixtures of Mg2Sn-Mg2Si 
composite system is clearly demonstrated in Figure 45 after additional thermoelectric 
measurements were performed for different ratio of Sn:Si such as Mg2Sn0.5Si0.5 and 
Mg2Sn0.4Si0.6 from which the consistent trend of increasing PF and decreasing k with a 
single set of peaks in XRD was observed. One major feature is that the best solid 
solution and ZT can be obtained after thorough mixing and post annealing as shown in 
Figure 45c. The reduction in thermal conductivity is demonstrated in Figure 45a with a 
clear distinction between less mixed and well mixed samples, which eventually depicts 
the well-known trend from alloy systems67,92. Meanwhile Figure 45b shows a somewhat 
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different trend that the improvement occurs in a narrower range of Mg2Sn volumetric 
percent.  
 
 
Figure 45. Overview for the change in (a) thermal conductivity, (b) power factor, and 
(c) ZT beyond the typical composite mixing rule. 
 
This can be explained using the full width of half maximum (FWHM) of carrier’s 
energy distribution in parabolic band with the variation of two corresponding edges’ 
energy level for X3 and X1 valleys68. Because the energy distribution of carrier’s energy 
which has the direct correlation to the energy distribution and Lorenz number is about 2 
kBT, the valley convergence effect can be activated only when the energy difference 
between two edges is less than 2 kBT. According to the reported values in literature
50,68 
for the energy difference between two edges, there is a very narrow window in terms of 
Sn content condition for having the energy difference within 2 kBT. In order to validate 
the hypothesis a simple calculation with two parabolic valleys (X3 and X1) with the 
experimentally obtained effective mass (0.5 and 0.63 for m*/m0) and energy difference 
from literature66, were performed to calculated the thermopower under the assumption of 
acoustic phonon dominant scattering. 
 92 
 
 
The calculation results (dashed line with triangles) in Figure 46 as well as the 
experimental data (diamonds and circles) efficiently visualizes the enhancement of the 
DOS effective mass only in a narrow range of Sn ratio, 0.625 < x < 0.75 in Mg2SnxSi1-x. 
Also the discrepancy in the maximum effective mass between experiment (1.1 m0) and 
the calculation (0.9 m0) implies that the enhancement in DOS effective mass doesn’t 
come solely from the valley convergence between X3 and X1, but also from the valley 
broadening possibly due to orbital interaction as they get closer each other. This 
observation together with the peak power factor in Figure 45b constitutes an example 
showing the detrimental effect of broadened effective mass toward the electrical 
conductivity, hence power factor as shown in Eq. (5.1). 
*m
N
PF V                                                                 (5.1) 
The enhancement in NV  by a factor of 2, from 3 to 6, by converging X3 and X1 is 
partially offset by the enhancement in effective mass by a factor of 1.22 so as to the 
enhancement in PF ends up being 1.64 times, which has a good agreement with the 
maximum PF of 4.31 mWm-1K-2 in Figure 45b with respect to 2.84 mWm-1K-2 from the 
value from rule-of-mixtures.  
In view of the scarcity of literature focusing on the effective mass26,27 and that 
power factor enhancement in literature is always not as much as the enhancement in NV 
exactly following the proportionality in Eq. (5.1), it should be noted that the enlargement 
in m* is inevitable while valleys are being converged, which is the enhancement in NV. 
And the careful attention, such as whether the valley undergoes the broadening, needs to 
be paid when implementing the valley convergence for higher PF. 
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Figure 46. Overview for the change in effective mass beyond the composite mixing rule 
together with calculation results. 
5.4 Conclusions 
A series of experiments with various Sn:Si ratio from 3:7 to 7:3 post annealed for 
up to 50 hours was performed. Influence of probable phase segregations due to the 
miscibility gap turned out to be not as detrimental as the initial expectation. The lattice 
thermal conductivity stayed at the level of homogeneous solid solution even with the 
clearly separated pairs of peaks after 50 hours of post annealing, implying the introduced 
phonon scattering mechanism to compensate the loss of scattering from alloy. Therefore, 
together with the observation of single peaks in XRD results for samples annealed up to 
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10 hours, it is likely that the phase segregation in this work has much finer pattern 
comparable to the scale of phonon wave length. Meanwhile the sample in Chapter 3 
prepared from the non-fully optimized solid state reaction might have much coarser 
segregations, which are not from the thermodynamic evolution but is attributed to the 
powder preparation process, so that the samples show much higher lattice thermal 
conductivities. 
More interestingly it was found that the window of Sn:Si ratio is very narrow for 
having the valley degeneracy and power factor enhancement so that the phase 
homogeneity needs to be carefully maintained. Also the broadened effective mass plays 
a role of adversely affecting the power factor enhancement. This is an important 
message that the fine tuning and control of microstructure to maintain the optimum Sn:Si 
composition and track the change in single valley’s effective mass is an essential step for 
pursuing the best ZT in thermoelectric material development not limited only for 
Mg2Si0.3Sn0.7 but also other materials especially employing the alloy system. 
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CHAPTER VI 
SUMMARY 
 
The thermoelectric properties of magnesium silicide (Mg2Si) - magnesium 
stannide (Mg2Sn) solid solution with varying phase structure were investigated owing to 
its thermodynamically immiscible nature at a certain range of composition as well as the 
process dependency of the material structure. Boltzmann transport equation was used to 
derive the thermoelectric properties such as thermopower, electrical conductivity, and 
thermal conductivity so as to fit the experimentally measured properties. Especially, 
through the modeling of lattice thermal conductivity poor degree of mixing between Sn 
and Si with segregated phases as much as 60 % of the entire volume was deduced for the 
samples from non-fully optimized solid state reaction followed by 2 hours of post 
annealing at 700 oC, which brings about the reduced phonon scattering by randomly 
placed alloy atoms and enhanced lattice thermal conductivity from 0.5 W/m-K to 2.0 
W/m-K followed by reduced thermoelectric figure of merit ZT from 1.4 to 0.9 at 500 oC 
compared to idealized material structure with 0 % of phase segregation. 
 As per the proposed direction from the modeling, samples with better phase 
homogeneity were pursued by high energy ball milling as an alternative process for 
sample preparation. The prepared sample with the new process showed the reduction in 
thermal conductivity as much as 1.4 W/m-K, almost approaching the suggested contrast 
from the model. The sample with the high energy ball milling also demonstrated its 
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excellent thermal stability maintaining its lattice thermal conductivity even after 18 
hours of post annealing at 700 oC.  
With the aid of successful powder preparation by high energy ball milling for 
heavily doped Mg2Sn and Mg2Si whose carrier concentrations are over 10
20 cm-3 
systematic studies with various Sn:Si ratios ranging from 3:7 to 7:3 for exploring the 
thermodynamic evolution of the constituent phases by various duration of post annealing 
from 0 to 50 hours. Although the phase segregation into Sn-rich and Si-rich phases was 
observed by the results of X-ray diffraction in Mg2Sn0.4Si0.6 and Mg2Sn0.3Si0.7  samples 
after 50 hours of post annealing, the lattice thermal conductivity was maintained as low 
as that of the idealized solid solution structure, which is beneficial for thermoelectric 
application. 
Lastly the existence of the convergence between two valleys in conduction band 
at the certain Sn:Si ratio (~7:3) was demonstrated by controlling the degree of mixing 
through various time of powder mixing from 5 seconds to 10 minutes and post annealing 
from 0 to 7 hours. The power factor was enhanced from 3.4 mW/m-K2 to 4.3 mW/m-K2 
at 300 oC as the degree of mixing was improved so as to achieve the increase in 
thermoelectric figure of merit ZT from 0.8 to 1.35 at 400 oC together with the effect in 
thermal conductivity reduction as well. It was also found that the valley convergence 
accompanies the effective mass broadening from 0.9 m0 to 1.1 m0 partially offsetting the 
improvement in power factor coming from the doubled number of valleys. The 
simulated effective mass enhancement by two-parabolic valley model as a function of 
Sn:Si ratio demonstrated the strictly narrow range for Sn:Si ratio to obtain the effect of 
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valley convergence, suggesting the importance of best degree of mixing and phase 
homogeneity. 
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